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Immunological-based and nucleic acid-based methods have been developed for rapid 
and sensitive detection of pathogenic cells and virus. Microfluidic devices were 
designed and fabricated that could be ultimately integrated into portable instruments 
that are suitable for on-site detection with low cost.  
The first trial in immunological-based methods was the application of quantum dots 
(QDs), a novel inorganic dye, for the detection of protozoa cells. QDs showed 
numerous advantages over traditional inorganic dyes, including higher signal to noise 
ratio, better photostability, narrow and tunable emission band width etc. 
The immunofluorecent assay was further transferred to a microfluidic filter based 
platform. Protozoa cells were directly trapped and labeled in a weir-type filter chip. 
The whole process could be finished within ten minutes, whereas it took more than one 
hour to perform the detection on a glass slide. 
While the protozoa cells are big enough to be directly trapped in a filter chip with a 
gap of 1-2 µm, it is impossible to mechanically trap smaller bacterial cells and virus in 
such a filter chip. Indirect trapping of a marine fish iridovirus was demonstrated in a 
pillar-type filter chip using antibody coated microspheres. Down to 22 ng/mL virus 
could be detected within half an hour with small consumption of antibodies, 10 times 
lower than that used in a standard enzyme-linked immunosorbent assay (ELISA). 
A complete nuclei acid-based detection scheme usually requires cell lysis, DNA 
extraction and detection of specific DNA fragments. A microfluidic chip was 
developed to lyse cells by electroporation and extract DNA by dielectrophoresis with 
 II
the aid of silica microspheres known to bind selectively to DNA.  
For DNA analysis, a novel temperature control device has been developed to generate 
spatial temperature gradient in capillary electrophoresis. It was possible to perform 
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Chapter 1  Introduction 
 
1.1 Introduction:  
The detection of the presence of pathogenic microorganism is a routine 
measurement to ensure food and environment safety and quality, and to diagnose 
various diseases. The pathogen specific testing market including the medical, 
military, food and environmental industries is expected to grow at a compounded 
annual growth rate of 4.5 % with a total market value of US$563 million by year 
20031.  
Recently, there is an increasing need to develop rapid and efficient detection 
methods for bioterrorism. Reports by the National Research Council on the 
chemical and biological terrorism2 and several reviews3-5 have highlighted the 
threat of bioterrorism. The threat was further transformed into reality not long after 
September 11, 2001, when several anthrax-laden letters were sent through the U.S. 
postal system. The agents most likely to be used as weapons to cause mass 
destruction are Bacillus anthracis (B. anthracis), Yersinia pestis (Y. pestis), 
Francisella tularensis and the neurotoxin of Clostridium botulinum6. These 
biological weapons are invisible, silent, odorless, tasteless, and easy to disperse. 
Minute amounts of them can cause massive casualties.  
Detection of these biological weapons before they actually take effect is a key 
issue. Thus, ideal detection methods need to be rapid, sensitive, specific, 
automated and portable for on-site use. Conventional methods for pathogen 
detection are very sensitive, inexpensive and can give both qualitative and 
quantitative information on the number and the nature of the microorganisms. 
However, they usually rely on the ability of the microorganisms to multiply to 
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visible colonies and thus require several days or weeks to give results. Currently, 
culture-free technologies have been developed and frequently used to provide rapid 
and sensitive detection (Boer et al. in 19997 and Iqbal et al. in 20008). Among 
these technologies, nucleic acid-based9, 10 and immunological-based11, 12 
approaches are the most promising one. Nevertheless, these culture-free 
technologies are lack of on-site and automated detection capability.   
The concept of “Miniaturized Total Analysis System” or “lab on a chip”, which 
was first introduced by Manz et al.13 in 1990, has provided the solution to an 
automated and on-site detection method. This new platform technology provides 
advantages over conventional culture-free technologies. These include: 1) reduced 
consumption for sample and reagents, 2) improved performance to achieve faster 
detection, 3) multifunctional, interconnected channel networks with negligible 
dead volumes suitable for system integration, 4) reduced sizes ideal for potable 
devices, 5) fabrication of arrays of many parallel systems, 6) suitability for 
inexpensive mass fabrication, and 7) increased automation. 
This chapter reviews the state of the art in the pathogen detection performed in this 
miniaturized platform. General properties of pathogens and their detection 
requirements are briefly introduced for basic understanding. Sample preparation 
and detection essential for a complete test are discussed in detail subsequently. 
Several ways can be used for sample preparation, which is critical to the 
subsequent detection but is less studied in microchip. Detection of microorganism 
could be further achieved by intact cell labeling (immunological-based 
approaches), or by identifying a specific gene fragment after cell lysis and DNA 
extraction (nucleic acid-based approaches). Applications of these approaches in 
microchip are further discussed except the capillary electrophoresis, which has 
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been extensively reviewed elsewhere for the separation of bacteria, virus14, 15 and 
DNA fragments16, 17. 
 
1.2 General properties of pathogens and the detection requirements: 
Pathogens are any microbes/micro-organisms that can cause disease in a host 
organism. They could be virus, bacteria, fungi or protozoa with sizes ranging from 
nanometers to millimeters, as illustrated in Fig. 1.1. In general, pathogens are 
invisible by naked eyes, silent, odorless, tasteless, and easy to disperse. They have 
various shapes such as round, oval, rod, corkscrew etc. Identification according to 
their sizes and shapes are very difficult because both parameters vary at different 
growth stages and most pathogens are quite deformable. However, most pathogens 
(except virus) have a cell wall to protect them from the outside world, which 
consist of proteins and other antigens that could be identified by antibodies against 
them. Inside the cell wall there are genetic materials which have a unique gene 
sequence that can be identified with high specificity. Other components and 
metabolisms may also be used to identify a particular pathogen. 
Basically pathogens may be present in environmental samples such as air, water, 
soil etc., food samples such as meat, vegetables, fruits etc. and clinical samples 
such as blood, urine, fecal, tissues etc. While clinical samples are usually available 
in microliters or micrograms, a large sample quantity is usually required for the 
detection of the presence of pathogens in environmental samples and food samples. 
As an example, in the detection of virus volume in excess of 100 L for surface 
water resources or 1000 L for drinking water resources are frequently required in 
order to be reasonably confident in a assay18. Minimal detection requirement is 
related to the infectious dose. For example, the infectious dose of Escherichia coli  
4 
Figure 1.1. Size distribution of pathogens. Most of bacteria are above 1µm in size as indicated by the fuscous gray color in the diagram. 
 
 







(E. Coli) and Cryptosporidium parvum (C. Parvum) is 10 cells19 and 9-104220 cells 
respectively. The regulated dose is no cell in 100 milliliters drinking water for E. 
Coli21 and less than 10 cells in 10 liter surface water for C. parvum22. In contrast, 
the infectious dose of Bacillus cereus (B. cereus) is 105-108 per gram food20. Its 
regulated dose is less than 100 cells per gram powdered infant formula23.  
It is thus apparent that highly sensitive up to single cell detection should be 
achieved to meet the contamination regulations. Since pathogens are usually 
present in complex sample matrix, samples need to be purified before detection. 
When large sample volume is required, samples need to be concentrated to a 
detectable volume, typically from microliters to a few milliliters for microfluidic 
devices. While the microfluidic devices are well suited to process samples below a 
few milliliters, it is not feasible for these devices to concentrated samples that are 
far more than a few milliliters. The concentration step are usually completed 
outside microfluidic devices by membrane filters18. As illustrated in Fig. 1.2, 
complete procedures for pathogen detection include sample concentration, 
purification/secondary concentration and cell detection, the last two of which will 
be discussed in the following sections. 
 
1.3 Sample purification/secondary concentration in microfluidic devices:  
After pre-concentration, pathogens are usually eluted in aqueous solution together 
with other micro particles prevailing in the concentrate. Thus it will further require 
a purification step, which involves selective capture and separation of target 
pathogens from other particles, and has been demonstrated in microchips. To 
evaluate the performance of purification methods, several parameters like 
selectivity, capture efficiency, and sampling rate are investigated. Selectivity is the  
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ability of a method to capture only target cells while release other particles. 
Capture efficiency is the percentage of captured target cells vs. total target cells 
present in the sample. Sampling rate means the volume of sample a method can 
process per unit time. While the microfluidic device itself is small, cheap and easy 
to be integrated into the subsequent detection step, additional instruments are 
required in some purification methods, which may be large, expensive and difficult 
to be integrated into the whole system. They have to be taken into consideration 
together with the performance of purification methods. 
According to the way cells are captured, purification methods could be classified 
as affinity trapping, mechanical trapping and dielectrophoresis. A simple 
comparison has been made in Table 1.1. 
 
1.3.1 Affinity trapping 
Cell-capturing molecules such as antibodies can be immobilized onto a solid 
surface to selectively bind target cells. Ruan et al.24 demonstrated the feasibility of 
immobilizing affinity-purified antibodies onto indium tin oxide electrode chips. 
Escherichia coli (E. coli) O157:H7 was captured onto the electrode surface 
followed by impedance microscopic detection. While this method is highly 
selective and readily applied to a variety of pathogens, it suffers from relatively 
low capture efficiency and lengthy reaction process, which is about 16% in 1 hour 
in the above study and less than 1% on an antibody-coated roughened glassy 
carbon surface to bind Samonella25. Instead of being coated onto surfaces in 
microchip, antibodies could also be coated on microspheres. These microspheres 
are then trapped in microchip to form an affinity microsphere bed with a much 
higher surface to volume ratio. Capture efficiency of T-cells from human blood 
8 








based24 High <1% to 16%
 1hr 100µL 1.67 Pipette 
Chaotic mixer 
based28 High 
53% for E. Coli in 
PBS sample, 37% in 
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40min-1 




High 73% for E. Coli 50min 1mL 20 






based30 High N.A. 5min 1mL 200 
Voltage amplifier, 
frequency synthesizer 
Microfilter31 Medium 4-15% for white blood cell 8min 3µL 0.375 Syringe pump 
Dielectrophoresis49 High Up to 80% for E. Coli 12.5min 5mL 400 Syringe pump, function generator, oscilloscope 
Table 1.1. Comparison of sample purification methods. 
 
 
sample was as high as 50% (Furdui et al.26). A similar study was carried out to 
investigate the influence of the flow channel geometry on the capture efficiency27.  
Otherwise the microspheres could be mixed with pathogens by micro-mixer. A 
chaotic mixer based on the principle of chaotic advection was developed by 
Grodzinski et al.28, where a sophisticated pattern of microchannels was defined to 
achieve maximum stirring efficiency. A modullar microfluidic system integrated 
with two units of the chaotic mixers, an incubation unit and a cell capture unit was 
used to process 2 mL sample solution with pathogen cell capture efficiency of 53 
and 37% for PBS- and blood-based samples, respectively. The total time required 
was estimated to be 40 min -1 hr. Liu et al.29 further demonstrated a micro-mixer 
based on the principle of cavitation microstreaming for pathogen bacteria (E. coli 
K12) detection. A set of air bubbles was introduced inside the solution in a micro 
chamber and vibrated through an acoustic field generated using an external 
piezoelectric transducer. The frictional forces generated at the bubble/liquid 
interface induced bulk fluid circulation around the bubbles, a phenomenon called 
cavitation microstreaming. Through this, high stirring efficiency was achieved. 
And capture efficiency up to 73% was obtained in 1 mL of rabbit blood within 50 
min by using antibody coated magnetic microspheres. 
Hawkes et al.30 used ultrasonic standing wave to drive Bacillus subtilis var niger 
(BG) spores to antibody coated glass surface. Capture of bacteria cells were 
increased more than 200-fold over above the efficiency in the absence of 
ultrasound. One mililiter sample solution was flushed through the microfluidic 




1.3.2 Mechanical trapping 
By continuously passing flow through microfabricated filters within 
micro-channels, microorganisms that are larger than the gap or pore size of the 
filters could be mechanically trapped. Mechanical trapping is simple and cheap, 
and does not require any kind of chemistry. Since it is not a diffusion limited 
process, sampling rate could be high. Multiplex trapping is possible as long as the 
target cells could be trapped by one filter or more than one filter in sequence. 
Subsequent cell lysis or immunological detection could be readily done on-site. 
However, the selectivity of mechanical trapping is dependent on the size of 
particles which are larger than the gap. The presence of excessive numbers of other 
particles could further interfere with the subsequent detection or block the filters. 
One solution to reduce the clogging in the trapping area is to design prescreening 
filters before main filters to exclude big particles31. The capture efficiency can be 
further affected by the ununiformity and deformability of targeted microorganisms. 
Cells tend to deform under an increasing in pressure, and eventually pass through a 
gap that is much smaller than their normal size. A gap smaller than target cells can 
be fabricated to ensure a high capture efficiency, but can further cause an increase 
in pressure. Thus careful selection of gap size is crucial. 
The design of microfabricated filters generally fall into three categories: weir-type 
filter, pillar-type (or comb-type) filter and membrane filter (Fig. 1.3). Wilding et 
al.31 compared several designs of weir-type filter and pillar-type filter in 
microfluidic devices. The results indicated that these filters are effective in 
isolating non-derformable polystyrene beads but less effective in isolating 
deformable cells. The pillar-type filter is more efficient than the weir-type filter. 
With a gap of 3.5µm, capture efficiency of the weir-type filter for white blood cell  
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from whole human blood ranged from 4%- 15%. Cell lysis and PCR were also 
integrated within the same chamber. 
Andersson et al.32, 33 demonstrated the trapping of microspheres by a pillar-type 
filter. Zhu et al.34 demonstrated simultaneous trapping of C. parvum (2-6 µm) and 
Giardia lamblia (G. lamblia, 7-13µm) by a weir-type filter. It was observed that a 
gap of 1µm could effectively trap both pathogenic protozoa but a gap of 3µm 
showed poor trapping efficiency. Although the authors claimed no cells were 
observed after the 1µm gap filter, the actual capture efficiency was not given. 
Due to the limitation of the microfabrication technology, the smallest gap of the 
weir-type and pillar-type filter that can be readily fabricated nowadays is around 
1µm. In contrast, the “gap” of a membrane filter could easily go down to 
nanometers, sufficient to trap most of the pathogens with sizes down to tens of 
nanometers. Membrane filter has a large surface-to-volume ratio and allows a big 
sampling rate. Surface modification of polymeric membrane could be readily done 
to facilitate the capture of pathogens35. Integration of polymeric membranes with 
microfluidic networks for bioanalytical applications has been reviewed by Wang et 
al.36. Besides polymeric membranes, silicon membrane filter has also been made 
with a pore size up from 5 µm to 10 nm37. He et al.38 presented a so called lateral 
filter, similar to the silicon membrane with a pore size of 1.5µm. 
 
1.3.3 Dielectrophoresis 
Dielectrophoresis (DEP) was used by Pohl et al.39 to describe the motion of 
particles caused by dielectric polarization effects in nonuniform electric field. It is 
one of the emerging techniques for cell manipulation, separation and purification. 
Its concept, theory and applications have been extensively reviewed by Pethig et 
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al.40 and Hughes et al.41. 
In DEP trapping, a strong positive DEP force selectively traps target cells in a cell 
mixture at electrode edges and holds them against an imposed fluid-flow stream. A 
negative DEP force repels other cells from the electrodes so that they are levitated 
in the channel and subsequently swept out of the chamber by laminar fluid-flow.  
DEP trapping could be operated in static mode or continuous mode. Most of the 
applications were operated in static mode to separate malaria infected and 
uninfected erythrocytes from blood42, and to trap several types of blood cells43, 44, 
yeast cells (Saccharomyces cerevisiae) 45, 46, and bacterial cells (Bacillus cereus, E. 
coli, Listeria monocytogenes47 and Listeria innocua48).Typical volume of sample 
solutions ranged from several micro-liters to tens of micro-liters. Experiments 
were finished within several minutes to less than 20 min. While the static mode is 
suitable for micro-liter sample solutions, the continuous mode could process 
milliliters of sample solution. Huang et al.49 showed a continuous flow DEP 
system with combined AC and DC voltage, where 5 mL of E. coli in deionized 
water at a concentration of 2,000 cells/µL were pumped through a DEP chip at 400 
µL/min. Capture efficiency reached up to ~80%. Docosils et al.50 obtained a 
capture efficiency of C174 myeloma cells up to 88% at a flow rate of 50 mL/h. 
Other examples include the differentiation of live and dead E. coli cells in 
deionized water51 and the sorting of viable and non-viable canola plant protoplast 
cells. 
Instead of holding target cells onto a surface by DEP trapping, DEP separation 
could separate a mixture of different kinds of cells into distinct bands. DEP 
separation could be achieved by dielectrophoretic field-flow fractionation 
(DEP-FFF)52 or traveling wave dielectrophoresis (TW-DEP)53. DEP-FFF employs 
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a set of planar microelectrodes, driven by an AC voltage source of suitable 
frequency, such that all the cells in the suspension exhibit negative DEP. Under 
such a condition different cells are levitated at different equilibrium heights above 
the substrate housing the interdigitated electrodes, according to their density and 
polarizability. A parabolic flow profile established in the chamber will transport 
cells at different heights at different velocities, thereby achieving spatially 
separation based on their differing elution. In TW-DEP, cells are either levitated 
and conveyed in the same or opposite direction to the traveling electric field, or 
alternatively are transported at different velocities along the traveling wave. Both 
of these effects may be utilized to realize TW-DEP cell separation. De Gasperis’ 
group demonstrated DEP-FFF separation of human breast cancer cell and several 
other kinds of blood cells at 2mL/min with a capture efficiency about 55%-75%52, 
54. The same group also demonstrated TW-DEP-FFF separation of the same 
sample55at a flow rate of about 1µL/min. 
 
1.3.4 Cell lysis and extraction of target component (DNA, RNA or protein) 
Nuceic acid-based detection schemes and other schemes based on the identification 
of particular components of microorganism require microorganism be lysed and 
target component be extracted before detection. Methods used in microfluidic 
chips for cell lysis include enzyme (lysozyme) lysis, chemical (chemical lytic 
reagent such as SDS) lysis, mechanical lysis (sonication, bead milling, etc.), 
thermal lysis and electroporation (Anderson et al.23). Recently Di Carlo et al.56 
reported a mechanical lysis method using a pillar type microfilter. Nanostructured 
barbs were etched on the side wall of each pillar to form so called nano-knives. 
These nano-knives could eventually pierce into cells passing through the filter and 
 14
break the cells. HL-60 cell and a whole blood product were used as model cells. 
Up to 99 ± 0.8% HL-60 cells were lysed above flow rate of 140 µL/min. Single 
cell lysis was demonstrated by Gao et al.57 in a chip CE channel by electroporation 
under a electric field of 280 V/cm within 40 ms. Intracelluar component 
glutathione was directly separated and detected by subsequent electrophoresis 
without any extraction step. Direct detection of an intracellular enzyme, 
β-galactosidase by a fluorogenic enzyme assay after chemical lysis of E. coli in a 
diffusion-based micro-mixer was also demonstrated by Schilling et al.58 in 2002. 
However, some other intracellular constituents need to be purified before they 
could be detected. Hong et al.59 developed microfluidic chips for automated 
nucleic acid extraction from bacteria or mammalian cells. Enzymatic or chemical 
lysis was integrated with microsphere-based affinity capture for the extraction of 
DNA or mRNA. Parallel process of different samples was demonstrated for high 
throughput purpose. Rather than filling microfluidic channels with silica resins or 
beads, Cady et al.60 created silica-coated pillars within microfluidic channel to 
increase the surface area by 300-600%, which can selectively bind bacteriophage 
lambda DNA and bacterial chromosomal DNA. 
 
1.3.5 Micro Polymerase chain reaction (µPCR) 
Most of the nucleic acid-based methods rely on PCR to increase sensitivity. µPCR 
has been studied extensively since its introduction in microfluidic device by 
Northrup et al.61 and Wilding et al.62 in 1993 and 1994 respectively. Various 
materials and temperature control methods have been tested to achieve fast and 
efficient amplification(Verpoorte63 and Paegel et al.64). Nowadays, µPCR can 
amplify DNA down to nanoliter65 and reduce typical cycling time from several 
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minutes to 30s or less63. 
Real-time monitoring PCR products provide rapid and sensitive approaches for the 
detection of pathogens. Northrup et al.66, 67 presented a miniature analytical 
thermal cycling instrument (MATCI) that was able to real-time fluorescence detect 
PCR products of Borellia burgdorferi, HIV and orthopoxviruses. Belgrader et al.68, 
69 demonstrated parallel detection of Erwinia herbicola vegetative cells, Bacillus 
subtilis spores and MS2 virions within 16 min, with detection limits in the order of 
102-104 organisms/mL in a real-time µPCR device. Besides fluorescence detection, 
surface plasmon resonance70, 71 and electrochemical detection72 schemes have also 
been coupled with real-time µPCR. 
 
1.4 Pathogen detection in microchip 
1.4.1 Intact cell detection 
Intact cell detection is mostly achieved by immunofluorescent assays, which are 
based on antigen-antibody reaction. Generally this method is rapid and sensitive, 
but could be affected by the possible interference of auto-fluorescent impurities. 
Another difficulty is to integrate optical detection system into a portable system. 
Electrical detection schemes could also be used to monitor the binding events 
between antibodies and antigens. Advantages and disadvantages based on the 
electrical detection in biosensor have been discussed in detail as reviewed by 
Ivnitski et al.73 and Deisingh et al.74. 
 
1.4.1.1 Fluorescence label and optical detection schemes 
Stokes et al.75 showed the detection of E coli in an array based format. The 
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bacterial cells are first captured by a membrane and then sequentially incubated 
with primary antibody and Cy5-labeled secondary antibody. Twenty E. coli 
organisms in 80 µL of buffer at a concentration of 250 cells/mL could be 
selectively detected from a milk-dope sample matrix. However the whole process 
took more than 4-5 hours manually due to the slow process related to the diffusion 
based mechanism. By using a flowing through format, the detection could be 
automated and finished within minutes. Delehanty et al.76 developed an antibody 
microarray system that is able to perform immunoassay under a continuous flow 
condition. Assays were completed in 15 min for the simultaneous detection of 
cholera toxin, staphylococcal enterotoxin B (SEB), ricin, and Bacillus globigii (B. 
globigii) at levels as low as 8 ng/mL, 4 ng/mL, 10 ng/mL, and 6.2 x 104 cfu/mL, 
respectively. More efficient labeling could be achieved by applying faster flow 
velocity(Zhu et al.77) in the mechanical trapping of C. parvum and G. lamblia 
followed by labeling with fluorescence labeled primary antibody. By using ten 
times diluted antibody, whole process could be completed within 5 - 10 minutes. 
Sensitivity could be enhanced by chemiluminescence and enhanced 
chemiluminescence. Yacoub-George et al.78 demonstrated a portable system which 
allows three chemiluminescence immunoassays to be performed simultaneously 
within three fused silica capillaries which were coated with antibody on the inner 
surface. SEB, bacterial phage virus M13, and E. coli were detected within 24min 
with a detection limit of 5ng/mL, 107 pfu/mL and 105 cfu/mL, respectively. 
Varshney et al.79 also showed a chemiluminescence biosensor for the detection of 
Salmonella Typhimurium. Detection limit was 103 cfu/mL and the whole procedure 
was completed within 90min. 
Detection sensitivity could further be achieved by the improvement of optical 
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detection system. Detection schemes based on total internal reflective fluorescence 
(TIRF) have been shown to be sensitive and feasible for miniaturization and 
automation80. TIRF is a process whereby fluorophores that are either attached to or 
in close proximity with the surface of a waveguide are selectively excited via an 
evanescent wave. Planar waveguides provide the possibility of immobilizing 
multiple capture biomolecules onto a single surface, and thus offer the exciting 
prospect of multi-analyte detection. In one application, six biohazardous samples 
Bacillus anthracis, Francisella tularensis LVS, Brucella abortus, SEB, cholera 
toxin and ricin were assayed in 12min in an automated fashion in the presence of 
interferents such as sand, clay, pollen and smoke extracts81, 82. No false-positive or 
false-negative responses were caused by the potential interferents. In another 
application, B. globigii, MS2 bacteriophage, and SEB were detected with a 
detection limit of 105 cfu/mL, 107 pfu/mL, and 10 ng/mL, respectively83. 
Surface plasma resonance (SPR) can real time monitor the binding of antigen to 
antibodies coated on a sensor surface through the refractive index change. In the 
case of pathogen detection, a second antibody could be used to enhance the 
signal84.  Bokken et al.85 demonstrated the SPR detection of a total of 53 
Salmonella serovars. A similar technique which monitors the change of the 
intensity distribution of diffractive light for the detection of the binding events was 
reported by Morhard et al.86. A minimum concentration of 106 cell/mL of E. coli 
was detected in 90 min.  
Raman spectroscopy such as ultra-violet resonance Raman spectroscopy87, surface 
enhanced Raman scattering spectroscopy88, Fourier transform Raman 
spectroscopy89 is also used in whole-organism fingerprinting techniques. 
Pathogens like E. coli, Bacillus, Legionella, Listeria could be identified at the 
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subspecies/strain level on the basis of the fingerprints collected from single 
organism. Moreover, these fingerprints could be used to reflect the physiological 
state of a bacteria cell, e.g., when pathogens were cultured under conditions known 
to affect virulence, their fingerprints changed significantly. However, this 
technique is not a quantitative method and its detection limit has not been reported. 
 
1.4.1.2 Electrical detection schemes 
Table 1.2 compares the features between optical detection schemes and electrical 
detection schemes. Those electrical detection methods include amperometry 
detection90, potentiometry detection91, acoustic wave detection92,93, and 
piezoelectric detection94, and have been discussed in the two reviews73,74. 
Furthermore, it is noteworthy to mention a high sensitive dielectrophoretic 
impedance measurement (DEPIM) method, which was combined with 
electropermeabilization (Suehiro et al.45). Electropermeabilization was performed 
after the dielectrophoretic cell trap in order to release intracellular ion. With 
electropermeabilization, the lower limit of DEPIM sensitivity was improved from 
104 to 102cfu/mL for 15 min diagnosis time. 
 
1.4.2 Nucleic-acid based detection 
The use of microarray as a molecular tool is becomingly increasingly popular in 
various research fields. This method is originally designed for large-scale DNA 
sequencing by hybridization, clinical diagnostics and genetic analysis.  In recent 
years, many researchers have also used this rapid and high-throughput technology 
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volume  Additional equipments 
Antibody array-based 
fluorescence labeling75 E coli 
250 
cells/mL 4-5hr 80µL 
HeNe laser source, diffractive optic 
device, digital multimeter 
Antibody array-based 




cfu/mL 15min 300µL 







107 pfu/mL 24min 500µL 
An integrated 37*35*29cm3, 11kg 
stand-alone system 
TIRF-based assays83 B. globigii Virus MS2 
105 cfu/mL
107 pfu/mL 14min 600µL CCD, pumps and a 635-nm laser 
Surface plasma resonance85 Salmonella 1.7*10
3 
cfu/mL ~20min 10µL An integrated system (Biacore) 
Amperometry detection90 E. coli 50cfu/mL 10min 200µL - 
Potentiometry detection91 E. coli 10cells/mL 1.5hr 1mL An infrared LED 









A digital frequency meter 
A Maxtek plating monitor 
Piezoelectric detection94 E. coli 103 cfu/mL 30-50min 3mL A frequency meter 
DEPIM45 Yeast cell 102cfu/mL 15min 7.5mL A function generator, a DSP lock-in amplifier 
Table 1.2. Comparison of detection methods for microorganisms 
 
 
in environmental studies such as microbial community analysis, process 
monitoring and pathogen detection.  Substantial success was shown in many 
useful applications, despite the complex nature of the environmental samples being 
studied. Basically, a microarray consists of hundreds or thousands of probes 
(oligonucleotides or cDNA) printed and immobilized as individual spots (diameter 
usually around 100-200 μm) on a substrate surface. Labeled targets (e.g. PCR 
products, genomic DNA, total RNA or oligonucleotides) are then applied to the 
microarray and each sequence type available will hybridize to its corresponding 
complementary probe. The hybridized spots will then be detected with a scanner or 
microscope, using some type of reporter molecule such as a fluorophore label or 
some other moiety such as biotin that allows subsequent detection with a 
secondary label.95  
This simple but highly efficient ‘simultaneous hybridization’ approach has led to 
many different applications in various expertises such as single nucleotide 
polymorphism (SNP) and gene expression studies.  The search for a rapid, 
accurate and portable detection device has stirred up many scientists’ interest in the 
microarray, due to its highly compact size and high specificity.  However, a 
potential drawback with this technology lies in its sensitivity.  Direct detection of 
pathogenic DNA or RNA from environmental samples is very difficult unless large 
microbial populations are present.  Wu et al.96 concluded that their particular 
array was only good for detecting genes from a mixed community when a 
minimum of 25 ng of genomic DNA (~5.6 x 106 cells) was used.  On the other 
hand, Small et al. 97 observed an absolute detection limit of at least 0.5 μg of RNA 
(~109 to 1010 RNA copies) for their microarray system used for both unpurified 
soil extract and PCR amplicons. Such detection limits are about 10 to 100 fold 
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lower than that of conventional membrane hybridizations, which are usually in the 
range of fentograms98.  Thus, enzymatic signal amplification is a commonly used 
means to increase array sensitivity by amplifying signals that are too weak for 
direct detection95. 
For the past few years, intensive studies involving the use of microarrays for 
pathogenic detection and identification are carried out in many research institutes 
and laboratories over the world.  Liu et al.99employed the use of a polyacrylamide 
gel-pad microchip, together with a non-equilibrium approach, in the optimization 
of an identification system for differentiating various closely related Bacillus 
species, including B. anthracis. 
In applications associated with pathogen detection, either in environmental or 
clinical situations, determination of viability is a critical issue during analysis100.  
Direct detection of rRNA can provide a good indication of pathogen viability, if the 
sensitivity issue is not a problem.  Various studies101-103 have employed the whole 
cell fluorescent in situ hybridization (FISH) technique (coupled with a monoclonal 
antibody) to determine the viability of C. parvum and G. lamblia cysts/oocysts. The 
microarray approach can no doubt greatly facilitate such works by speeding up the 
detection and quantification process, as hundreds (to thousands) of probes 
targeting the RNA of different pathogenic species can be used in a single 
experiment. 
On the other hand, in an attempt to evaluate the early host response of 
macrophages to Brucella abortus, a gram-negative facultative intracellular 
bacterium and zoonotic pathogen, known to cause hepatitis, arthritis, and 
endocarditis in humans and spontaneous abortion in cattle, Eskra et al.104 made use 
of the microarray to study the transcript profile of macrophages exposed to the 
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bacterium.  Hybridization of fragemented and labeled cRNA on gene microchips 
allows for identification of the host response at the gene transcription level and can 
provide a molecular profile of virulence-associated responses, as well as host 
defense mechanisms that occur during infection.  In another study, Hinchliffe and 
co-workers105 made use of a gene-specific Y. pestis CO-92 microarray to compare, 
in detail, different strains of Y. pestis and Y. pseudotuberculosis at a genome-wide 
level.  Y. pestis, the causative agent of plague, diverged from Y. 
pseudotuberculosis, an enteric pathogen, some 1,500 to 20,000 years ago.  
Genetic characterization of these closely related microorganisms would serve as a 
useful model in the study of the rapid emergence of bacterial pathogens that 
threaten mankind.  Other studies involving the use of the DNA microarray in 
genome-wide analysis of bacterial pathogens include Helicobacter pylori106, 
Campylobacter jejuni102, Mycobacterium tuberculosis107, Staphylococcus aureus108, 
Vibrio cholerae109, and Salmonella enterica110. 
 
1.5 System Integration 
System integration is made easier through microfabrication. Initial attempts 
focused on the development of interfaces between steps. In many cases purification 
and detection were integrated within same chamber (channel). Some examples 
have been mentioned above, like the integration of affinity trapping and impedance 
detection24, the integration of mechanical trapping, cell lysis and µPCR in a 
weir-type filter chip31, the integration of DEP trapping and DEPIM detection45, the 
integration of µPCR and chip CE63, etc.. However, a fully integrated system has to 
include additional devices like buffer storage, pumps and valves, power supply, 
light source and optical lens, electrical meter, signal processing system and control 
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system. One way is to simply pack them into a compact box, such as the so-called 
CL-MADAG system presented by Yacoub-George et al.78 for the automatic 
detection of E. coli and M13 virus, which weighs up to 11 kg and has a dimension 
of 37 cm ×35 cm × 29 cm. It has big bottles for buffer storage and countless tubing 
connections. Further miniaturization and integration of buffer storage, pumps and 
valves into microfluidic device could significantly reduce the volume and weight 
of the whole system, minimize sample lose and reagent consumption. Liu et al.29 
have integrated these components with affinity capture, cell lysis and µPCR, DNA 
microarray and an electrochemical sensor into a palm size PCB board. 
Conventional optical detection systems like microscope and laser source are bulky 
and heavy. Namasivayam et al.111 showed an on-chip ultra-sensitive fluorescent 
detection system consisting of miniaturized photodiodes and appropriate 
interference filters. Application of this photo detection system in µPCR, chip CE 
and drop sensing microfluidic devices has been successfully demonstrated. 
Miniaturization of the optical lens112, 113 and laser source114 have also been 
reported. 
With the advances in the miniaturization of all these components, integrated 
systems will become more and more compact with enhanced performance. 
 
1.6 Future development 
The lab-on-a-chip concept provides an integrated platform that combines 
technologies from various disciplines, but its full potential has yet to be exploited 
in various areas. The micro-fabrication technology has been able to miniaturize 
and integrate components as mentioned above. Nowadays nano-fabrication is 
possible. People are now able to make nanopillars with gaps in nanometer size. 
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These nanopillars have already found applications in the separation of DNA 
fragments115 and will also find applications in the separation and detection of 
bacteria and virus. We have also seen initial applications of nanodiamond, 
nanotubes and nano-doughnuts116, 117 in biosensors for the detection of pathogens.  
Besides the nano-fabricated structures, nanoparticles have also attracted attentions. 
Nanoparticles like QDs, gold nanoparticles and magnetic nanoparticles as 
innovative labeling dyes provide unique advantages over traditional organic dyes. 
Recent studies have revealed quantum dots (QDs) as a novel and promising class 
of fluorescent reporting systems for cellular imaging118-122. QDs, which are 
nano-scale inert particles (~5-50 nm), provide much higher photostability than 
conventional organic dyes and can be excited by a wide spectrum of wavelength 
from UV to red. Since the emission spectra of QDs, which differ according to the 
size and material composition, are narrow, symmetrical and tunable, the use of 
QDs as a fluorescence reporting system can potentially and significantly minimize 
the interference from natural autofluorescent particles, and provide multiplexing 
detections on different target cells with clear discrimination from extraneous 
particles. Application of QDs for the detection of C. parvum and G. lamblia has 
been reported by Zhu et al.123 recently. 
Gold nanoparticles were found to be particularly effective labels for sensors 
because a variety of analytical techniques can be used to detect them, including 
optical absorption, fluorescence, Raman scattering, atomic and magnetic force, and 
electrical conductivity. Labeling oligonucleotide targets with gold nanoparticles 
rather than fluorophore probes substantially alters the melting-profiles of the 
targets from an array substrate. A gold nanoparticle-based DNA detection system is 
ten-times more sensitive and 100,000-times more specific than current genomic 
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detection systems.124-127 
Magnetic nanoparticles, selectively bound to a suitably chosen target, can be 
detected and unbound particles contribute little or no signal. The ability to 
distinguish between bound and unbound labels allows one to run homogeneous 
assays, which do not require separation and removal of unbound magnetic particles. 
Recently Gu et al.128 reported detection of vancomycin-resistant enterococci and 
other Gram-positive bacteria using magnetic nanoparticles at ultralow 
concentration (approximately 101cfu/mL). 
In addition to these inorganic dyes, Deisingh and Thompson74 have indicated that 
molecular beacons, which are single stranded oligonucleotides and only fluoresce 
upon hybridization, and aptamers, that are selected by combinatorial libraries and 
could bind with high affinity to target molecules, could be potentially applied in 
and improve the detection of pathogens. 
Rolling circle amplification (RCA) combined with immunoassay (immunoRCA) is 
emerging as a powerful technique for on-chip signal amplification. In 
immunoRCA, the 5' end of an RCA primer is attached to an antibody. Thus, in the 
presence of circular DNA, Phi29 DNA polymerase, and nucleotides, the rolling 
circle reaction produces a concatamer of the complement of the circular DNA 
sequence that extends from the end of the original primer remaining attached to the 
antibody. The amplified DNA can be detected by hybridization of complementary 
oligonucleotide probes or by antibodies specific for nucleotide analogs 
incorporated during the RCA reaction. Sensitivity improvement are typically 
~1000 fold129. 
Unlike the nucleic acid-based and immunological-based technologies, Rider et 
al.130 reported the use of genetically engineered cells in a pathogen identification 
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sensor. This sensor uses B lymphocytes that have been engineered to emit light 
within seconds of exposure to specific bacteria and viruses. The authors 
demonstrated rapid screening of relevant samples and identification of a variety of 
pathogens at very low levels. However, particular engineered cells have to be 
prepared separately for each pathogen and prepared cells can be stored at room 
temperature for only 2 days. 
 
1.7 General Aims of the Project 
Generally, immunological-based methods for pathogen detection are simple, rapid 
and robust, while nucleic acid-based methods are sensitive and highly specific. 
Neither method is not without its own advantages and disadvantages. We have thus 
selectively developed both immunological-based and nucleic acid-based methods 
for the detection of pathogenic microorganisms in the current thesis. It consists of 
two major parts. In the first part, novel microfluidic filter chips were designed, 
fabricated and used for immunoassay of protozoa cells and a marine fish iridovirus. 
QDs as novel inorganic dye were introduced and have shown great advantages 
over traditional organic dyes for pathogen detection. In the second part, nucleic 
acid-based methods were developed. A microfluidic dielectrophoresis chip was 
successfully developed for cell lysis. After cell lysis, a novel method for the 
detection of SNP using capillary electrophoresis was demonstrated. 
In chapter two, streptavidine coated QDs were combined with biotinylated 
antibodies for immunofluorescent assay of G. lamblia and C. parvum on glass slide. 
Systematic comparison of QDs with traditional organic dyes was made in terms of 
S/N and photostability.  
In chapter three, a microfluidic weir-type filter chip was used as a novel 
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lab-on-a-chip platform for the immunoassay of G. lamblia and C. parvum. 
Simultaneous direct trapping of the protozoa cells was successfully achieved in the 
filter chip with a gap of 1-2µm. After cell trapping, staining solution containing 
fluorescently-labeled antibodies was continuously provided into the device to flush 
those microbial cells toward the weirs and to accelerate fluorescent labeling 
reaction. Using a staining solution that was 10 to 100 times diluted of the 
recommended concentration used in a conventional glass method, those target cells 
with a fluorescent signal-to-noise ratio of 12 could be microscopically observed at 
single-cell level within 2 to 5 min prior to secondary washing. 
In chapter four, instead of directly trapping of protozoa cells that are much bigger 
than the filter gap, indirect trapping of viruses that are much smaller than the filter 
gaps was demonstrated in a pillar-type filter chip. Polystyrene microspheres were 
covalently coated with purified anti-iridovirus antibodies and incubated with virion 
containing samples in a flow-through format in the filter chip. After incubation, the 
microspheres were flushed with a second antibody solution and stained with 
fluorescent dyes. Microsphere-associated fluorescence was observed and 
quantitated with an epifluorescence microscope. Down to 22 ng/mL virus could be 
detected within half an hour with small consumption of antibodies, 10 times lower 
than that used in the standard enzyme-linked immunosorbent assay (ELISA). The 
proposed procedure can be tested to detect and quantify virus in viral stocks and in 
biological samples. 
Chapter five reported a micromachined chip capable of doing cell lysis. The results 
demonstrate that cell lysis by electroporation is possible in a continuous flow 
system. The same lysis electrode pattern has been used for trapping of silica beads 
known to bind selectively to DNA. 
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Chapter six reported a simple temperature control device that is able to generate 
continuous spatial temperature gradient in CE. The temperature profile along the 
capillary was predicted by theoretical calculations. A nearly linear spatial 
temperature gradient was established and applied to SNP detection. By spanning a 
wide temperature range, it was possible to perform simultaneous heteroduplex 
analysis for various mutation types that have different melting temperatures. 
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Quantum Dots as a Novel 
Immunofluorescent Detection 
System for Cryptosporidium 
parvum and Giardia lamblia 
 
2.1 Introduction 
The presence of Cryptosporidium and Giardia in various water sources is 
commonly determined by using immunofluorescent antibody (IFA) techniques1-3. 
However, different water samples can contain inert particles or algal cells with 
strong autofluorescence and light scatter characteristics similar to those of 
immunofluorescently labeled protozoan cells. This can significantly impede the 
detection specificity of IFA for Cryptosporidium and Giardia but can be 
minimized by carefully selecting fluorescent dyes with minimal interference from 
fluorescent waterborne particles. It has been suggested4 that fluorescein 
thiocyanate excited at 488 nm is the best fluorochrome for labeling oocysts in 
untreated water samples, while other fluorophores (i.e., cyanine dye 3, 
phycoerythrin, and tetramethylrhodamine isothiocyanate) excited at 542 nm are the 
best for use in drinking water samples. Nevertheless, these fluorescent dyes all are 
susceptible to photobleaching and have broad excitation and emission spectra, 
which often limit their uses in multiplexing detection. 
Semiconductor quantum dots (QDs) or nanocrystals (~5 to 50 nm in size) have 
recently emerged as a novel and promising class of fluorophores for cellular 
imaging5-8. Unlike conventional organic dyes, QDs can be excited by a wide 
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spectrum of wavelengths to give great photostability, and their emission spectra, 
which differ according to size and material composition, are narrow, symmetrical, 
and tunable5, 6. With these characteristics, QDs have minimal interference from 
natural autofluorescent particles and can be a superior fluorophore in the 
multiplexing detection of different molecular targets in various biological 
specimens7-9. In this study, QDs were successfully demonstrated to be an excellent 
fluorophore in the IFA detection of microbial cells, such as those of 
Cryptosporidium parvum and Giardia lamblia. 
 
2.2 Labeling strategies   
Fig. 2.1 illustrates two strategies that were used to label C. parvum and G. lamblia 
cells with QDs-antibody bioconjugates. In strategy 1, the target cells were first 
bound with biotinylated antibodies before conjugating QDs to the cell-attached 
antibodies. In detail, 5 µl of C. parvum or G. lamblia (Waterborne Inc., New 
Orleans, LA) (concentration = 107 cells/ml) was spotted on a Poly-L-Lysin coated 
glass slide, and air dried. The fixed cells were added with 20 µl of blocking buffer 
(Waterborne Inc.) and incubated for 20 min in a humidified chamber. After 
washing with phosphate-buffer saline (PBS, pH 7.4) for 5 min three times, the cells 
were added with 20 µl of 1X biotinylated antibodies (anti-C. parvum or anti-G. 
lamblia from Waterborne Inc.), and incubated for 30 min at 37oC. The cells were 
further washed with PBS for 5 min three times, and incubated with 20 µl of diluted 
QDs solution for 30 min at 37oC. Two streptavidin coated QDs (2 mM) with 
maximum emission wavelengths near 565 nm and 605 nm were purchased from 
Quantum Dot Corporation (Hayward, CA). After a final wash with PBS for 5 min 
three times, the slide was mounted with mounting solutions and observed under an  
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Figure 2.1 Two strategies to label C. parvum and G.  lamblia cells with QDs-antibody bioconjugates 
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Olympus BX51 epifluorescence microscope equipped with a cooled CCD camera 
SPOT-RT Slider  (Diagnostic Instruments, USA), a 100 W HBO bulb, Olympus 
fluorescence filter sets (U-MWB2 and U-MF2), and Chroma QDs filter sets 
(32003 and 32005) (Chroma Inc., USA). Image exposure time varied from 50 to 
100 ms for ODs and organic dyes, respectively. Image analysis on the fluorescent 
signal-to-noise (S/N) ratio was performed with at least 10 cells using Metamorph 
(Universal Imagine Corp., USA). In strategy 2, QDs were linked with antibodies 
followed by the reaction with target cells. 1X biotinylated antibody was first 
incubated with QDs for 30 min according to the manufacturer’s protocol (Quantum 
Dot Corporation). Twenty microliters of the pre-incubated solution were added 
onto a slide containing fixed target cells. The slide was incubated for 30 min at 37 
oC, washed with PBS for 5 min three times, and observed under a microscope.  
 
2.3 Labeling efficiency  
In theory, one QD coated with multiple streptavidin molecules can accept multiple 
biotinylated antibodies. Thus, to maximize the illumination efficiency (1 antibody 
per QD), strategies 1 and 2 could provide excessive QDs to those cell-bound 
antibodies after the removal of excessive free antibodies in the reaction system, or 
to reduce the numbers of antibodies binding onto one QD before labeling target 
cells with antibody-QD conjugates, respectively. Fig.2.2 indicated that under the 
manufacturer’s suggested QD working concentration (20 nM), both strategies 
achieved a similar maximal S/N ratio of 17 for the labeling of C. parvum. Strategy 
1 further showed a slight but gradual decrease in the S/N ratio to 16.5, 15.1, 10.8 
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Figure 2.2 Effect of QDs concentrations on the fluorescence intensity. Exposure time was set at 50ms. 
 
 
the working concentration, respectively. In contrast, strategy 2 exhibited a rapid 
decrease in the S/N ratio to 15.0, 6.3, 6.0 and 3.8 under reduced QDs 
concentrations at 3, 9, 27 and 160 X dilution of the suggested concentration, 
respectively. Further increase in the QD working concentration 3-10 folds in both 
strategies also caused an increase in background noise and a decrease in the S/N 
ratio to 9.2-12.1. Thus, a 3-10 X diluted QDs working concentration was optimal 
for both strategies to maximize the S/N ratio.  
 
2.4 Photostability 
In this study, QDs labeling exhibited better photostability and higher brightness 
than two most commonly used commercial staining kits, A100DF AquaGloTM Dual 
Fluorochrome Kit (Waterborne Inc.) and KR1 Crypto-Cel IF test kit (Cellabs Pty 
Ltd, Brookvale, N.S.W, Australia). Fig. 2.3a showed that the QDs-labeled 
Cryptosporidium cells remained photostable (fluorescent S/N ratio = ~ 16-17) 
under continuous UV excitation for 5 min. In contrast, those two organic dyes 
bleached rapidly under continuous excitation with a significant reduction in the 
S/N ratios from 5-11 to 2-3.5 and 1-2 after 1.5 and 5 min, respectively. The types 
of mounting solutions used were further found to affect the photostability of QDs 
significantly (Fig. 2.3b). Among all the antifade mounting solutions tested under 3 
min continuous UV excitation, to our surprise, immersion oil (ImmersolTM 518F, 
Carl Zeiss, Germany) was the best one with almost no reduction in the S/N ratio. 
Other solutions, which included 10% BSA in 1X PBS used in reference8, 90% 
glycerol suggested by Quantum Dot Corporation, antifade solutions provided in 
KR1 and A100 DF kits, water and pure glycerol, all showed 10-70% reduction in  
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Figure 2.3 (a) Comparison on the photostability of different dyes. The antifade 
solutions used for organic dyes A100 DF and KR1 were provided in the original 
product kits.  The specimens were continuously illuminated for 5 min. Images 
were captured at every 30 s. Exposure time was 100 ms for A100DF and KR1, and 
50 ms for QDs. (b). Effect of mounting solutions on the photostability of QDs. The 
specimens were continuously illuminated for 5 min. Images were captured every 
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the S/N ratio.   
2.5 Multiplexing detection  
All QDs irrespective of size and composition were observed to be easily 
conjugated with biomolecules using a universal approach, in contrast to traditional 
organic dyes, which required customized chemistry for conjugation of 
biomolecules to each fluorophore. The emission properties of QDs mentioned 
early further facilitated the multi-color imaging of one cell labeled with different 
QDs or different target cells labeled with different QDs, as illustrated in Fig. 2.4 
with a dual-color labeling of C. parvum and G. lamblia.   
 
2.6 Conclusions  
In summary, the general principle of QDs labeling with C. parvum and G. lamblia 
could be applied to any other environmental microorganisms if a specific antibody 
to that particular microorganism is available. This novel detection system could 
provide quantitative measurement with great sensitivity and photostability, and 
potentially revolutionize the microbial detection in environmental microbiology 
studies. Strategy 2 is recommended for normal immunoassays as it requires fewer 
steps and is more time-saving, especially when multiplex labeling is required. 
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Figure 2.4 Combined fluorescent images of QD 605 labeled C. parvum (red) and QD 565 labeled G. lamblia (green) using strategy 2. The two 
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Filter-based Microfluidic device as a 
Platform for Immunofluorescent 
Assay of Microbial Cells 
 
3.1 Introduction 
Immunological detection systems are sensitive and specific, and have been widely 
used for various applications including for example detection of specific 
metabolites and pathogen identification and monitoring. In the latter example, a 
standard assay is to use antibodies with high specificity to discrete microbial 
metabolites (antigens) or to target sites locating on the membrane surface of a 
microbial target cell. This assay can be achieved by different ways with 
immunofluorescence (IF) and enzyme-linked immunosorbent staining methods as 
the most frequently used ones1-2. However, these current practices are suggested to 
be time consuming and often required multiple reaction and washing steps with 
expensive reagents at a large volume3.  
Alternatively, many studies have demonstrated microfluidic or 
laboratory-on-a-chip devices as a promising platform for simple, rapid and 
sensitive detection of different biological molecules such as DNA/RNA, protein, 
and cells 3-6. In the application of cells assays, cell capture and cell identification 
are the two essential steps, and can be integrated into the laboratory-on-a-chip 
platform. For example, the cell capture can be achieved by passing aqueous 
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samples through microstructured fluidic channels, where the surface are pre-coated 
with proteins that can selectively bind to target cells before detection and 
identification 1,7-8. Another approach is to coat specific cell adhesion proteins on 
the surface of magnetic beads trapped in a chip 9. The other technique for cell 
capture and manipulation inside a microfluidic channel is dielectrophoresis (DEP) 
10-13 that confines the movement of particles in non-uniform ac electric field 
followed by laser capture microdissection 14. Since some of these methods often 
require extra chemical preparation steps and additional equipment (e.g., high 
frequency function generator, laser source), a simple microfluidic device for rapid 
and sensitive immunological detection of cells is pursued in this study. For this, a 
microfluidic device with microchannels and a simple physical filter at a specific 
location was successfully fabricated and demonstrated to first trap and concentrate 
microbial cells by size prior to a secondary identification using 
immunofluorescently labeled probes.  
 
3.2 Experimental  
3.2.1 Microbial target cells and reagents   
Two different microbial cells, Cryptosporidium parvum (round, 2-6 µm in 
diameter) and Giadia lamblia (oval, 8-13 µm in length and 7-10 µm in width), 
were selected as the model microorganisms since both protozoan cells were 
important waterborne pathogens, had a good representation of cell sizes, and had 
specific immunofluorescence probes commercially available. Freshly fixed 
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protozoan cells in 5% Formalin at a concentration of approximately 106 cells ml-1 
and immunofluorescent monoclonal antibodies (A100DF, AquaGloTM Dual 
Fluorochrome Kit) specific to the protozoan cells were purchased from Waterborne 
Inc. (New Orleans, LA). These two fluorescently labeled antibody probes 
recommended by US-EPA were reported to be very specific to the corresponded 
target cells15. Phosphate-buffer saline (PBS, pH 7.4) solution was prepared and 
filtered through a 0.2 µm membrane filter prior to use. Fluorescence polystyrene 
beads were purchased from Molecular Probes Inc. (Eugene, OR). They contained a 
mixture of beads with a diameter varying from 1, 4, 10, to 15µm, and were shown 
in red (1- and 10-µm beads) or green (4- and 15-µm beads) after exciting and 
viewing under an epifluorescence microscope. 
 
3.2.2 Microfluidic device design and fabrication  
Fig. 3.1a to 1c schematically illustrates the microfluidic device (20 by 20 mm) 
used in this study. The device consisted of a 400-µm thick silicon-base plate and a 
500-µm thick Pyrex glass cover (corning 7740, Dow corning corporation, Midland, 
MI). The base plate contained two reaction chambers (50 µm in depth) and three 
deep channels (50 µm in depth and 1 mm in width) in two symmetric sides, which 
were separated by three shallow channels or weirs in the middle. Two different 
depths at 1-2 µm or 3-4 µm were designed between the weir and the cover glass to 
serve as a trapping device for microbial cells, which were larger than the 1-2 µm 
weir gap. The device was fabricated using semiconductor processing technology 16
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Figure 3.1 (a) A schematic diagram of the weir type filter chip and chip holder; (b, 
c) top view of the chip; cross section views of the chip; and (d) cross-section view 
of the chip holder. 
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at the microfabrication facility at the Institute of Microelectronics, Singapore. The 
reaction chambers, deep channels and weirs were created by deep reactive ion 
etching. Inlet and outlet at the bottom of the plate were etched by anisotropic Si 
etching, with a nitride layer to protect the etched channels on the other side. A 
57 4o 
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surface-polished Pyrex glass cover was anodically bonded to the etched silicon 
prior to dicing into individual chips.  
Fig. 3.1d shows that the device was packaged into a microchip holder to enable the 
injection and delivery of samples at a micro-liter volume into the microfluidic chip.  
During injection, a micro-syringe was inserted right at the inlet of the microchip to 
prevent the loss of targeted microbial cells along the injection path. The reaction 
solution was immediately pumped into the device at a constant flow rate using an 
automatic syringe pump (KDS100, KD Scientific, Boston, MA).     
 
3.2.3 Simulation of fluidic dynamics in the microchannel   
The fluidic flow in the microchannels was simulated using Fluent 6.1 (Fluent India, 
Pune, India). The physical boundary was set to be a single channel with a weir at 
one end. The flow rate inside the microfluidic channel was simulated under 
different weir gaps (1, 3, 6 and 9 µm), flow rates (0.5, 1.0, 1.5, and 2.0 mm s-1), 
and channel depths (10, 30 and 50 µm). The fluid solution was assumed to be 
water.    
 
3.2.4 Trapping and detection principle for microbial cells 
Fig. 3.2 illustrates the principle of trapping and detecting microbial cells with the 
microfluidic device. Initially, a new chip was flushed with 1X PBS for 2 min at a 
flow rate of 20 µl min-1 or approximately 2 mm s-1. To evaluate the size trapping 
efficiency of the mechanical filtering weirs, a mixture of fluorescence beads of  
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Figure 3.2 Schematic illustration of immunofluorescent detection of microbial 
cells in a microfluidic device.  
Fluorescent 
Microscope







different sizes was injected into the device at different concentrations. In the 
detection of microbial cells, 1-5 µl of solution containing approximately 1-5x103 
targeted cells were delivered into the device using a micro-syringe. While the 
target cells were injected, a reaction solution containing diluted 
fluorescence-labeled antibodies was pumped into the device using a syringe pump 
at a constant flow rate to flush and push the targeted microbial cells toward the 
trapping weir. Concurrently, the IF labeling and real-time detection of those 
trapped microbial cells were performed and monitored using an Olympus BX51 
epifluorescence microscope equipped with a color cooled CCD camera SPOT-RT 
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Slider (Diagnostic Instruments, USA), a 100 W HBO bulb, and Olympus 
fluorescence filter sets (U- MWU2, U-MWB2, U-MF2). The fluorescence images 
were continuously captured every 1 min at an exposure time of 100 ms for 12 min. 
The analysis on the fluorescence intensity of those cells in each image was 
performed using Metamorph (Universal Imagine Corp., USA).   
The trapping efficiency at individual weirs along the channel wall was further 
evaluated by vertically scanning the fluorescence signals of those fluorescent beads 
or cells with a laser scanning confocal microscope (LSM5 PASCAL, Carl Zeiss, 
Germany) equipped with two photomultiplier tubes, an Argon ion laser and two 
HeNe lasers with emission line at 488nm, 514nm and 543nm, respectively. When a 
solution containing low numbers of target cells was used, the sample was injected 
into the device at a large volume using the micro-pump followed by washing and 
detection with the antibody-containing solution.    
With its symmetric design, each device could be used two times. If necessary, it 
could be re-used. For this, a chip would be flushed from inlet with filtered 1M 
NaOH for about 5 min. It was subsequently immersed in 1M NaOH, sonicated for 
approximately 0.5 hr at 60 oC, and continuously flushed with filtered de-ionized 
water until the chamber was observed to be clean under a microscope.   
 
3.2.5 Conventional immunofluorescence labeling on glass slides  
For the cell labeling and detection on glass slides, 3 µl of target cells was spotted 
on a poly-L-lysin coated slide (Sigma, ST. Louis, MO). After air dried, cells were 
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incubated with 20 µl of 1x antibody solution at room temperature for up to 12 min 
at an interval of 1 min, then washed with PBS for 2 min, and incubated with a drop 
of counter-staining solution (provided in the A100DF kit) for 1 min. After washed 
with PBS for 15 s and air dried, the specimens were mounted with an antifade 
solution (provided in the A100DF kit), and observed under an epifluorescence 
microscope. 
 
3.3 Results and Discussion 
3.3.1 Evaluation of trapping efficiency using fluorescence beads and target 
cells 
The success of this microfluidic device for the immunological detection of 
microbial cells first depended on the efficiency of the weirs to trap microbial 
particles. The trapping efficiency was initially evaluated by injecting and flushing 
a mixture of size-defined fluorescence beads into the device with a weir gap of 1-2 
or 3-4 µm. The fluorescence beads, which flew through the microchannel, would 
be trapped at the weir region (dashed regions in Fig. 3.3a) and monitored using an 
epifluorescence microscope. Prior to injection into the inlet, those fluorescence 
beads were observed to randomly disperse on a glass slide after imaging with a 
cooled CCD camera (inset of Fig. 3.3b). They consisted of beads of 1, 4, 10, and 
15 µm in diameter. After injection and flushing with water (20 µl min-1), 1-µm 
beads were observed to pass through the weir with a gap of 3-4 µm, but other 
fluorescence beads with larger diameter sizes were effectively retained and  
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Figure 3.3 Trapping efficiencies of (b) fluorescence beads using 3-4 µm weir gap, 
and (c, d) protozoan cells using 3-4 and 1-2 µm weir gaps, respectively. Inset in 
panel B indicates a mixture of fluorescence beads with diameters of 1µm (red), 
4µm (green), 10µm (red) and 15µm (green). Fluorescence labeling of C. parvum 
and G. lamblia cells was achieved using a 10X diluted A100DF antibody solution 
at a flow rate of 20 µl min-1 for 5min. The small white arrows indicated in panel C 
were two C. parvum cells. White dashed line indicates the front border of weir. 
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aggregated in front of the weir (Fig. 3.3b). Similarly, using a weir gap of 1-2 µm, 
only 1-µm beads were observed to pass through the weir. These results suggested 
the microfluidic device could effectively trap non-deformable particles with sizes 
great than 1 µm. 
The trapping efficiency of the microfluidic device with a weir gap of 1-2 or 3-4 µm 
was subsequently tested using those two microbial target cells with diameter sizes 
varying from 2 to 13 µm. To do so, microbial cells were injected into the inlet, and 
continuously flushed with IF labeling solution at a 10x diluted concentration under 
a flow rate of 20 µl min-1. The IF labeling solution, which contained two different 
antibodies that could specifically bind to C. parvum and G. lamblia in green and 
yellow, respectively, did not show cross reaction with those two microbial cells or 
to the other abiotic particles concentrated from drinking water samples (data not 
shown). As shown in Fig. 3.3c, when a device with a gap of 3-4 μm was used, 
almost all the C. parvum cells (green) with size varying from 2 to 5 µm have 
deformed and passed through the weir. Only one to two C. parvum cells were 
observed in front of the weir (indicated by arrows in Fig. 3.3c). For G. lamblia 
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(yellow) with size varying from 7-13 µm, most cells were trapped in front of the 
weir due to the relatively large cell volume, but a few deformed cells were spotted 
to be retained in the weir region or pass through the weir.  
To ensure the trapping efficiency of those two microbial cells, a microfluidic 
device with a weir gap of 1-2 µm was further tested. Fig. 3.3d shows that all the C. 
parvum and G. lamblia cells were effectively trapped in front of the weir and 
detected by the respective IF probes. No cells were observed in the micro-channels 
after the weir or in the solution collected from the outlet. Thus, the results 
supported the principle of the filter-based microfluidic device that was to first 
effectively trap microbial cells with size at least equivalent to or great than 2 µm, 
and then detect target cell(s) among those trapped cells or particles using 
target-specific IF probes. The optimized conditions for the IF labeling were further 
determined.   
 
3.3.2 Fluidic flow profiles in the micro-channel   
To better understand the filter chip, the fluidic flow profile in the micro-channel 
was mathematically simulated. Fig. 3.4a reveals that at a flow rate of 2 mm s-1, a 
channel depth of 50 µm and a weir gap of 1-2 µm, the flow rate at a region 1-10 
µm before the weir gap was much larger than that in the micro-channel, and a 
region with no fluid flow or so-called dead volume was mainly created near the 
bottom of the weir. The dead zone accounted for 25.3% of the total volume in a  
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Figure 3.4 (a) Simulations of flow profile within a weir-containing straight channel 
with a channel depth of 50 µm, a weir gap of 1µm and a flow rate of 2.0 mm s-1; 
and (b) vertical distribution of intensity of cell signals and number of beads before 
the weir. 
 






















































region 0-50 µm before the weir. The effects of different channel depths, flow rates, 
and weir gaps on the fluidic profiles and dead volume were further simulated. 
Simulation results indicated an overall increase in flow rates in the micro-channel, 
while decreasing the channel depth or increasing the weir gap. A decrease in 
channel depths from 50, to 30 and 10 µm under a flow rate of 2 mm s-1 and a weir 
gap of 1-2 µm could significantly reduce the dead volume from 25.3% to 10.18%, 
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and 6.9%, respectively. Likewise, an increase in the weir gap from 1, to 3, 6 and 9 
µm at a flow rate of 2 mm s-1 and a channel depth of 50 µm could also effectively 
minimize the dead volume from 25.3% to 23.6%, 10.33%, and 7.9%, respectively. 
However, the increase in gap depth was not preferred because the trapping 
efficiency for those microbial cells would significantly decrease as 
aforementioned.   
The simulation results further revealed that an increase in the flow rate from 0.5, to 
1.0 and 2.0 mm s-1 had little effect on both the dead volume reduction and the flow 
rate profile. A further increase in the flow rate was likely to induce a built up of 
pressure in the channel, causing the cells to deform and subsequently pass through 
the weir gap.   
The uneven distribution of flow rates at the region right in front of the weir 
provided an advantage for concentrating cells at the interface of the weir and the 
microchannel, and was experimentally validated. In a device with a weir gap of 1-2 
µm, protozoan cells were injected into the microfluidic channels, trapped at the 
weir, and fluorescently labeled with IF labeling solution at a flow rate of 20 µl 
min-1. Fig. 3.4b shows the fluorescence signal profile of those labeled cells taken 
from the top to the bottom using a laser scanning confocal microscope. Both the 
signal and number of the cells dropped rapidly along the channel depth at the weir. 
No signal was detected at a channel height of 20 µm from the bottom. The 
decrease in cell numbers was suspected to be related to (i) the actual decrease in 
cell numbers in the dead zone created, or (ii) the ineffective IF labeling efficiency 
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with those protozoan cells present in the dead zone, in other words, low fluorescent 
signals. These two possibilities were examined by conducting an experiment using 
the fluorescently labeled beads instead of protozoan cells. Fig. 3.4b reveals that the 
number of fluorescently labeled beads markedly dropped from 177 at a channel 
height of 37 µm from the bottom to 44 at a channel height of 34 µm. The total 
number of beads observed at a channel height of 37 µm accounted for 
approximately 7.94% of the total beads. Thus, the decrease in the signal of 
fluorescently-labeled cells in Fig. 3.4b were confirmed to be due to the uneven 
distribution of the flow profile or the absence of cells in the dead zone created 
before the weir.   
 
3.3.3 Labeling efficiency of fluorescence antibodies in the device   
The labeling efficiency of those microbial cells inside the microfluidic device was 
first evaluated using a 100X diluted IF labeling solution at different pumping rates 
(Fig. 3.5a). The signal to noise ratio (S/N) of those fluorescently labeled cells was 
determined at an interval of 1 min for 12 min at different flow rates (i.e., 2, 10, and 
20 µl min-1). Among all the flow rates tested, the flow rate at 20 µl min-1 gave the 
highest S/N ratio at any given time. The S/N ratio gradually increased from 1.3 to 
13.6 in the first 6 min, and approached to a plateau at 16.4 due to the saturation of 
the antibodies on the surface of those target cells. The labeling efficiency reduced 
along with the decrease in the flow rate. At a flow rate of 2 µl min-1, the labeling  
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Figure 3.5 Fluorescence-labeling efficiency of protozoan cells. (a) Effect of flow 
rate on the labeling efficiency. The concentration of the antibody solution was at 
100X dilution. (b) Effect of antibody concentrations on the labeling efficiency at a 




































efficiency was almost the same as the fluorescence labeling of those target cells on 
glass slides using a 100X diluted concentration. Thus, the flow rate at 20 µl min-1 
was selected to ensure effective flushing of target cells toward the reaction weirs, 
while not causing the cell to deform and pass through the weir gap.  
The effect of the IF labeling concentration in the flushing solution on the labeling 
efficiency was further evaluated at a flow rate of 20 µl min-1. Fig. 3.5b shows that 
the labeling efficiency as determined by the S/N ratio using a 10X diluted IF 
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labeling solution was the best within the first 7 min. The S/N ratio rapidly 
increased to 7.51 after 1 min, and leveled off at a plateau around 15 after 5 min. 
The S/N ratio obtained under a 100X diluted IF labeling solution exceeded that 
under a 10X diluted solution after 8 min, and reached to approximately 17. This 
was due to the relatively high fluorescence background under the 10X diluted 
solution. Using a 500X diluted solution, the labeling efficiency significantly 
decreased with an S/N ratio less than 4 after 12 min. A further increase of the 
antibody solution to 1X was not applicable because of the high fluorescence 
background observed in the microfluidic channel.  
In comparison with the standard procedure suggested by the manufacturer using a 
1X IF labeling solution (Fig. 3.5b), the S/N ratio curve of those labeled cells was 
almost the same as that using the filter chip with a 100X diluted IF labeling 
solution at a flow rate of 20 μl min-1. These results strongly suggested that the 
microfluidic device could achieve a much shorter detection time with less 
consumption of reagents than the conventional methods. As Sato et al. 3 indicated, 
the rapid labeling efficiency between antibodies and target cells was due to the 
continuous refreshment of the antibody solution in the device. Multiple targets 
detection was also possible as shown in Fig. 3.3d. that C. parvum and G. lamblia 
were trapped by a weir with 1-2 µm in gap and simultaneously labeled with 
fluorescein (green) and Cy3 (red), respectively, within 3 min. Although the 
background was a little bit bright, both cells were clearly observed and 
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differentiated. To achieve rapid detection with good specificity, the assay could be 
performed with a 10X diluted staining reagent for 2-3 min follow by a secondary  




The size-filtering based microfluidic device was shown to exhibit numerous 
advantages over current conventional methods and microfluidic approaches in 
detecting microbial whole cells. Unlike the glass slide method, the current 
microfluidic device could provide advantages on: (i) rapid labeling efficiency and 
detection time; (ii) low volume of reagents need (low cost); (iii) high 
reproducibility based on simple and robust experimental procedures (cell injection, 
antibody solution flushing, washing and microscope observation); and (iv) high 
detection sensitivity at whole-cell level. In comparison with microfluidic devices 
that use surface-coated antibodies to trap or bind target cells passing through, 
current approach could achieve better trapping efficiency as long as the target 
microbial cells were larger in sizes than the weir gap. This is mainly because the 
coating method could not completely bind to all target cells8. The current approach 
could also have edges over the method using DEP. So far, DEP method has been 
demonstrated to be effective and selective in concentrating, manipulating, and 
separating cells and bacteria with different sizes simultaneously 10-13. However, it 
required additional expensive external devices, and would be more difficult than 
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the filter-based approach in system integration and automation. Moreover, the DEP 
separating method in combination with the IF detection of microbial cells has not 
been demonstrated so far. Thus, the filter-based microfluidic devices could be a 
good alternative of microfluidic devices for rapid and sensitive detection of 
microbial cells in various biological applications.   
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Microfluidic device as a New Platform 
for Immunofluorescent Detection of 
Viruses Using Quantum Dots 
 
4.1 Introduction 
Viruses are the smallest living organism in the world, ranging from tens of 
nanometers to hundreds of nanometers. However, pathogenic viruses can cause 
severe diseases in host organisms. They are a major threat to public health and may 
potentially be used as biological weapons by bioterrorism. Detection of viruses 
thus plays vital roles to prevent bioterrorism, ensure environmental and food safety 
and to diagnose various diseases.  
Conventional culture-based methods for virus detection are labor intensive and 
time-consuming. People have been trying to develop culture-free methods that are 
simple, rapid and sensitive with affordable cost. Microchip-based platforms have 
shown great advantages to achieve these goals, which include: 1) Reduced 
consumption for sample and reagents. 2) Improved performance to achieve faster 
detection. 3) Multifunctional, interconnected channel networks with negligible 
dead volumes suitable for system integration. 4) Reduced sizes ideal for potable 
devices. 5) Fabrication of arrays of many parallel systems. 6) Suitability for 
inexpensive mass fabrication. 7) Increased automation. 
Detection of virus in microchip platform usually includes pre-concentration and 
isolation of viruses from real sample matrix followed by detection. Affinity capture 
and dielectrophoresis (DEP) trapping have been used for virus pre-concentration 
and isolation. In affinity capture, capture material such as antibody is coated on a 
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solid surface. Sample solution is then incubated on the surface to allow target virus 
to bind onto the surface. Such a format has been employed in conventional 
enzyme-linked immunosorbent assay (ELISA)1 using microtitre plate, which 
usually takes several hours for virus adsorption and antibody labeling. To increase 
the capture efficiency and decrease the incubation time, one can either increase the 
surface to volume ratio, such as using antibody coated microspheres2 or apply a 
certain flow rate to accelerate the reaction3. In the former case, the incubation time 
decreased to 30 min, while in the later case only 7 min was required for sample 
incubation at virus concentration higher than 107 pfu/mL. In DEP trapping, a 
strong positive DEP force selectively traps target cells in a cell mixture at electrode 
edges and holds them against an imposed fluid-flow stream, while a negative DEP 
force repels other cells from the electrodes so that they are levitated in the channel 
and subsequently swept out of the chamber by laminar fluid-flow. This has been 
shown by Akin et al.4. for the isolation of vaccinia virus followed by fluorescence 
detection. Generally, the affinity capture method is highly selective, but has 
relatively low capture efficiency. The DEP method is rapid and efficient, but 
requires additional instruments such as function generator and oscilloscope, which 
make it difficult for system integration. Its selectivity has yet to be fully 
demonstrated. 
The most promising technologies for rapid and sensitive detection of pathogenic 
microorganism over the past twenty years include nucleic acid-based and 
immunological-based approaches5. The nucleic acid-based approaches are highly 
sensitive and specific6, 7, while the latter are more rapid and robust8. We have 
successfully demonstrated integrated direct trapping of protozoa cells and 
immunofluorescence assay (IFA) in a microfluidic filter chip9. However, virus 
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particles are too small to be directly trapped by the filter chip. Integration of 
immunosorbent assay in microfluidic devices could be a practical choice for the 
detection of very small particles, which has been demonstrated by Sato et al. for 
the detection of secretory human immunoglobulin A10 and carcinoembryonic 
antigen11 on microspheres. By applying similar format in this paper, we showed 
indirect trapping and IFA detection of a marine fish iridovirus, Singapore grouper 
iridovirus (SGIV), 200 nm in diameter within a pillar-type microfluidic filter chip. 
To further increase the sensitivity and reproducibility of the detection, 
semiconductor quantum dots (QDs) were introduced as a novel inorganic dye, 
which have been shown enhanced signal intensity and photostability for the 
immunofluorescent detection of protozoa cells12. 
 
4.2 Experimental  
4.2.1 Virus and cell culture  
A novel marine iridovirus (SGIV, strain of A3/12/98 PPD) was isolated from 
diseased groupers, Epinephelus tauvina and E. malabaricus in Singapore12. The 
GP cells, a permanent marine fish cell line, derived from embryos of grouper, E. 
tauvina13, were cultured in 75 cm2 flasks at 25°C in Eagle’s minimum essential 
medium (Sigma, St. Louis, MO) supplemented with 5 mM N-[2-hydroxyethyl] 
piperazine-N’-[2-ehtanesulfonic acid] (HEPES) buffer (Sigma), 100 IU ml-1 
penicillin, 100 µg ml-1 streptomycin, 0.116 M sodium chloride, 7% sodium 
bicarbonate and 10% foetal calf serum (Sigma).  
 
Purification of SGIV: GP cells were infected with SGIV at a multiplicity of 
infection (MOI) of approximately 0.1. After completed cytopathic effect (CPE), 
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viruses were purified as described by Qin et al14. Briefly, the virus-infected 
cultures were harvested and centrifuged at 12,000 g for 30 min at 4 oC. The 
supernatant (SN1) was collected and stored at 4 oC while the pellet of virus-cell 
debris was resuspended with SN1, followed by three cycles of rapid 
freezing/thawing. The virus-cell debris suspension was then centrifuged at 4,000 g 
for 20 min at 4 oC. The supernatant (SN2) was collected and finally pooled with 
SN1 overnight at 4 oC. Virus particles were pelleted from the pooled SN1 and SN2 
by centrifugation at 10,000 g for 8 h at 4 oC. The pellet was resuspended in 2 ml 
TN buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5) and layered onto gradients of 
15-60% (w/v) sucrose. After centrifugation at 150,000 g for 1 h at 4 oC, the 
resulting virus bands were collected and pelleted through a 20% sucrose cushion. 
The virus pellets were resuspended in TN buffer and checked concentration at 280 
nm of spectrometry before storing at -80 oC. 
 
Real virus sample preparation: Virus solution was also prepared from SGIV 
virus-infected cell culture medium as the real viral samples for detection. GP cells 
were infected with SGIV. When complete CPE appeared, the culture supernatant 
was collected including cell debris and centrifuged at 4,000 g for 20 min at 4 oC, 
and then filtered through a 0.45 µm membrane filter. Virus titer in the culture 
supernatant was checked by TCID50. The mock-infected cell culture supernatant 
was also collected and filtered as control. 
 
4.2.2 Preparation of antibodies and antibody coated microspheres 
Polyclonal and monoclonal antibodies were raised in rabbits and mice, respectively, 
specific against the purified SGIV virus 1, 16, 17. Phosphate-buffer saline (PBS, pH 
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7.4) solution with 1% bovine serum albumen (BSA) was prepared as washing 
buffer. Quenching buffer was prepared by the addition of 35 mM ethanolamine 
(Sigma, ST. Louis, MO) in washing solution.  
Streptavidin coated QDs with maximum emission wavelengths near 565nm (Cat. 
#1003-1) were obtained from Quantum Dot Corporation (Hayward, CA). Biotin 
conjugated monoclonal antirabbit IgG (Sigma, ST. Louis, MO) and QDs were 
mixed in QDs dilution buffer (supplied with QDs) with a dilution of 105 times and 
100 times, respectively. The mixture was then incubated at 37 oC for 45 min and 
was diluted 10 times by PBS with 2% skim milk upon use. All the buffers and 
antibody solutions were filtered through a 0.2 µm membrane filter prior to use. 
Choromethyl-activated microspheres were purchased from Bangs Laboratories, Inc. 
(Fishers, IN) with a diameter of 2.89 ± 0.58 µm. Microspheres in 100 µL of 
original solution were washed twice with 1 mL washing buffer by centrifugation 
and resuspended completely in 500 µL washing buffer. They were then reacted 
with 500 µL monoclonal antibody solution (0.337 mg/mL in PBS) at room 
temperature with constant mixing for 4 hours. After twice washing again, the 
coated microspheres were resuspended in quenching buffer, mixed gently at room 
temperature for 30 min. Finally, the microspheres were stored in 1mL washing 
buffer at 4 oC after twice washing. 
 
4.2.3 Microfluidic device design and fabrication  
Figure 4.1a to c schematically illustrates the microfluidic device (20 by 10 mm) 
used in this study.  The device consisted of a 400-µm thick silicon-base plate and 
a 500-µm thick Pyrex glass cover (corning 7740, Dow corning corporation, 
Midland, MI). The base plate contained a reaction chamber (50 µm in depth) with  
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Figure 4.1 (a) A schematic diagram of the pillar type filter chip (b) SEM photo of 
the filtering component; (c) SEM photo of the coarse screen filter. 















an inlet and an outlet (1 mm in width) in two ends. Fluids injected from inlet are first 
filtered by six rows of coarse screen pillar type filter (Fig. 4.1c), which are spaced 
500µm apart. The gaps between pillars of each row are 50µm, 50µm, 30µm, 30µm, 
20µm, 20µm respectively. After the coarse screen filters, target particles are trapped 
by two identical fine pillar type filtering components, where the gaps are (Fig 4.1b) 
1µm. The device was fabricated using semiconductor processing technology17 at the 
microfabrication facility at the Institute of Microelectronics, Singapore. The reaction 
chamber and pillars were created by deep reactive ion etching. Inlet and outlet at the 
bottom of the plate were etched by anisotropic Si etching, with a nitride layer to 
protect the etched channels on the other side. A surface-polished Pyrex glass cover 
was anodically bonded to the etched silicon prior to dicing into individual chips. Chip 
holder and tubing connection were similar to those described in a previous paper9. 
 
4.2.4 Trapping and detection principle for viruses  
Figure 4.2 illustrates the principle of indirect trapping and detecting virus particles 
with the microfluidic device. To reduce adhesion of microspheres to channel walls of 
microchip, filtered PBS solution with 0.2% casein (Sigma, ST. Louis, MO) were 
continuously pumped through a new chip at 10 µL/min for at least 1 hour10. 
Monoclonal antibody coated microspheres solution was diluted 100 times by washing 
buffer and 2 µL of the diluted solution were injected into a new chip.  Sample 
solutions were then pumped into the chip at a constant flow rate of 10 µl/min for 10 
min by an automatic syringe pump (KDS100, KD Scientific, Boston, MA) to allow 
the virus particles to bind onto the beads. If limited volume of sample solution is 
available, a circulation pump (Model P720, Instech Laboratories, Inc., Plymouth 
Meeting, PA) could be used. Polyclonal antibody solution (0.05 µg/mL) that were ten 
 75
 76
times diluted by washing buffer from that used in enzyme-linked immunosorbent 
assay (ELISA)1 were continuously pumped into the device at 10 µl/min for 7min. The 
device was then flushed with QDs conjugated anti-rabbit IgG or fluorescein 
isothiocyanate (FITC) conjugated anti-rabbit IgG (Sigma, ST. Louis, MO) (1:1000 in 
PBS with 2% skim milk) or at 10 µl/min for another 7 min. After washing with PBS 
for 5 min at the same flow rate, the device was ready to be observed under an 
Olympus BX51 epifluorescence microscope equipped with a color cooled CCD 
camera SPOT-RT Slider (Diagnostic Instruments, USA), a 100 W HBO bulb, and 
Olympus fluorescence filter sets (U- MWU2, U-MWB2, U-MF2). The fluorescence 
images were taken at an exposure time of 40 ms for QDs labeled samples and 100 ms 
for FITC labeled samples. Analysis on the fluorescence intensity of those cells in each 
image was performed using Metamorph (Universal Imagine Corp., USA). Signals 
were measured and averaged from all the microspheres trapped before the filtering 
components.  
 
4.3 Results and Discussion 
4.3.1 QDs detection of real samples 
Real virus samples were prepared as described in experimental section. SGIV virus 
infected cell culture supernatant and mock-infected cell culture supernatant were 
assayed separately through all detection procedures. Sample flush time were kept at 
10 min. Strong signals were observed from the microspheres bound with virus, 
whereas almost no signal was detected from the microspheres reacted with 
mock-infected cell culture supernatant, as shown in Fig. 3a and 3b. Fig. 3c compared 
the detection using QDs with that using traditional organic dye FITC. The fluorescent 
S/N ratio of QDs dropped less than 20% after continually exposed to UV light for 5  
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Figure 4.2 Schematic illustration of immunofluorescent detection of vorus particles in a microfluidic device. 
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Figure 4.3 Fluorescent images produced from sample solution purified from (a) virus 





































min. In contrast, the S/N ratio of FITC decreased nearly 50% within half a minute. 
Calculation also showed a bigger standard deviation of the FITC signal. It was thus 
demonstrated that a better reproducibility could be achieved by applying QDs instead 
of FITC. 
 
4.3.2 Reaction efficiency 
In protein microarray and many ELISA experiments, at least one reactant is dissolved 
in solution phase and one reactant is coated on solid surface. The kinetics of reaction 
is a function of the reaction rate and the diffusion rate. The rate limiting process is 
usually the diffusion step since the reaction rate is usually very high. A flow through 
format is always more efficient than a static incubation format because it accelerates 
mass transmit from solution phase to solid surface. As long as the reaction rate is high 
enough, the bigger the velocity of flow, the faster the reaction. However, in the case 
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of antibody-antigen reaction, the amount of antibody is usually limited. It is thus 
important to achieve a high flow velocity while maintaining a relatively low flow rate 
to reduce the consumption of antibody. An extreme high flow velocity (~370 mm/s) 
could be reached at a flow rate of as low as 10 µL/min at the gap in the proposed 
pillar type filter chip. Due to such a high flow velocity, the reaction efficiency 
increased so significantly that the antibody-antigen reaction could be finished within 
several minutes in the filter chip, even though the antibody concentration was ten 
times lower than that used in the ELISA method1 for the detection of the same virus 
using the same antibodies. The whole detection process can be completed within half 
an hour, whereas it takes more than three hours for the ELISA method with 
consumption of 10 times more antibodies. A brief comparison of the two methods was 
made in Table 4.1. 
 
Table 4.1 Comparison of ELISA and the current method. 
 Sample volume Antibody consumed Time  Sensitivity 
ELISA1 100 µL 0.5 µg > 3.25 hour 360 ng/mL
Current method 100 µL 0.035 µg < 0.5 hour 22 ng/mL
 
 
4.3.3 Detection sensitivity 
At a fixed amount of injected microspheres (~14900 particles) and fixed flush time of 
sample solution (10 min), the sensitivity was first evaluated by injections of serial 
diluted virus solutions, as shown in Fig. 4.4(a). Dynamic linear range of detection was 
found to be approximately from 22 ng/mL to 2.2 µg/mL. When virus concentration 
exceeded 22µg/mL, the specific virus sites on the surface of the microspheres were 
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almost saturated within 10 min sample injection time. Almost no signal could be 
detected when sample solution was further diluted to 2.2 ng/mL. However, sensitivity 
could be increased if the sample injection time is increased, as shown in Fig. 4.4(b), 
which suggested that if long detection time is allowed, sensitivity could be further 
enhanced 
 
4.3.4 Effect of amount of microspheres injected 
Sensitivity of the detection is not only affected by the sample injection time but also 
related to the amount of microspheres injected. When microspheres are closely 
packed inside the micro-channel and virus concentration is too low to saturate the 
surface of the microspheres, amount of viruses adsorbed onto each microsphere will 
decrease if the number of microspheres increases. A higher sensitivity could be 
obtained with lower amount of microspheres presented in the micro-channel. 
However, when the amount of the microspheres further decreases such that the 
microspheres can not fully fill the cross section of the flow channel, sensitivity will 
not change with the amount of the microspheres. This trend was clearly illustrated in 
Fig. 4.5. If the injected microspheres are more than ~1800, S/N gradually increased 
when injected microspheres decreased. S/N stopped increasing until the number of 
microspheres was below ~1800. 
We also observed that the reproducibility deteriorated as the injected microspheres 
decreased. This was because in practical operation we were unable to precisely 
control the number of the microspheres injected into the filter chamber. Even though 
the channel walls were treated with surfactants to reduce the adhesion of microspheres, 
we still observed some microspheres stick to the walls, especially at the inlet region. 
As the number of microspheres decreased, the percentage of variation became more 
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Figure 4.4 (a) Detection sensitivity at fixed amount of injected microspheres (~14900 
particles) and fixed flush time of sample solution (10 min). (b) Effect of flush time on 































Figure 4.5 Effect of amount of injected microspheres on signal to noise ratio. Virus 
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and more significant. If the number of injected microspheres is too low, it may be 
difficult to locate any microspheres before the pillars. Therefore to ensure good 
reproducibility, we had to inject microspheres more than 7500 at the expense of 
sensitivity. 
 
4.4 Future development 
The current design of the micro-filter could be further improved to reach optimal 
detection of virus samples. The geometry of the filter chamber could be re-designed to 
accommodate less microspheres while ensuring all the fluids will pass around the 
trapped microspheres. Bare silicon and glass surface are particularly prone to 
microsphere and virus adhesion19. Modification of the surface of flow channels or 
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choice of other materials such as poly(methyl methacrylate) (PMMA) for microchip 
fabrication should be considered to reduce the adhesion and adsorption20.  
 
4.5 Conclusions 
Very small virus particles are difficult to detect and quantitate. This paper described a 
simple, rapid, sensitive and cost saving method for virus detection and quantitation. 
Unlike conventional ELISA method1, the current method could provide advantages on 
(i) rapid labeling efficiency and detection time; (ii) low volume of reagents need (low 
cost); and (iii) high detection sensitivity. In comparison with microfluidic devices 
using an array format3, the current approach could achieve better reaction efficiency 
and higher detection sensitivity. It is anticipated that this kind of filter-based device 
could be integrated with the power system and detection system to ultimately form a 
portable device that can automatically detect pathogens like virus, bacteria and 




(1) Shi, C.; Wei, Q.; Gin, K. Y. H.; Lam, T. J. Journal of Virological Methods 
2003, 107, 147-154. 
(2) Samoylova, T. I.; Smith, B. F. BioTechniques 1999, 27. 
(3) Rowe, C. A.; Tender, L. M.; Feldstein, M. J.; Golden, J. P.; Scruggs, S. B.; 
MacCraith, B. D.; Cras, J. J.; Ligler, F. S. Anal. Chem. 1999, 71, 3846-3852. 
(4) Akin, D.; Li, H.; Bashir, R. Nano Letters 2004, 4, 257-259. 
(5) Lopez, M. M.; Bertolini, E.; Olmos, A.; Caruso, P.; Gorris, M. T.; Llop, P.; 
Penyalver, R.; Cambra, M. Int Microbiol 2003, 6, 233-243. 
 84
(6) Wang, Y.-F.; Shen, J.-T.; Liu, H.-H. Journal of Virological Methods 2004, 
121, 79-84. 
(7) Jang, H.; Cho, M.; Heo, J.; Kim, H.; Jun, H.; Shin, W.; Cho, B.; Park, H.; Kim, 
C. Journal of clinical microbiology 2004, 42, 4181-4188. 
(8) Iqbal, S. S.; Mayo, M. W.; Bruno, J. G.; Bronk, B. V.; Batt, C. A.; Chambers, 
J. P. Biosensors & Bioelectronics 2000, 15, 549-578. 
(9) Zhu, L.; Zhang, Q.; Feng, H.; Ang, S.; Chau, F. S.; Liu, W.-T. Lab on a Chip 
2004, 4, 337-341. 
(10) Sato, K.; Tokeshi, M.; Odake, T.; Kimura, H.; Ooi, T.; Nakao, M.; Kitamori, T. 
Analytical chemistry 2000, 72, 1144-1147. 
(11) Sato, K.; Tokeshi, M.; Kimura, H.; Kitamori, T. Analytical chemistry 2001, 73, 
1213-1218. 
(12) Zhu, L.; Ang, S.; Liu, W. T. Appl. Environ. Microbiol. 2004, 70, 597-598. 
(13) Qin, Q. W.; Chang, S. F.; Ngoh, G. H.; Gibson-Kueh, S.; Shi, C.; Lam, T. J. 
Dis. Aquat. Org. 2003, 53, 1-9. 
(14) Chew-Lim, M.; Ngoh, G. H.; Ng, M. K.; Lee, J. M.; Chew, P.; Li, J.; Chan, Y. 
C.; Howe, J. L. C. Sing. J. Pri. Ind. 1994, 22, 113-116. 
(15) Qin, Q. W.; Lam, T. J.; Sin, Y. M.; Shen, H.; Chang, S. F.; Ngoh, G. H.; Chen, 
C. L. Journal of Virological Methods 2001, 98, 17-24. 
(16) Hedge, A.; Chen, C. L.; Qin, Q. W.; Lam, T. J.; Sin, Y. M. Aquaculture 2002, 
213, 55-72. 
(17) Qin, Q. W.; Shi, C.; Gin, K. Y. H.; Lam, T. J. Journal of Virological Methods 
2002, 106, 89-96. 
(18) Peter, V. Z. Microchip fabrication: a practical guide to semiconductor 
processing, 4th ed.; McGraull-Hill: New York, NY, 2000. 
 85
(19) Cox, J. D.; Curry, M. S.; Skirboll, K. S.; Gourley, P. L.; Sasaki, D. Y. 
Biomaterials 2002, 23, 929-935. 
(20) Witek, M. A.; Wei, S.; Vaidya, B.; Adams, A. A.; Zhu, L.; Stryjewski, W.; 
McCarley, R. L.; Soper, S. A. Lab on a Chip 2004, 4, 464-472. 
 
 86
Chapter 5  
Microfluidic DNA Sample 




The isolation of highly purified DNA is necessary for several applications in medicine 
and biotechnology as well as for development of new therapeutic applications based on 
nucleic acids1, ,2 3. Current technologies involve laborious and time-consuming 
procedures that require large sample volumes. For those applications, the DNA 
separation needs to be fast and automated to match the large number of experiments 
needed. In this study, we are developing a microfluidic system that handle small 
volume of sample, lyse white blood cell (WBC) by electroporation, and separate out 
the DNA by dielectrophoresis using a microfabricated electrode array in microfluidic 
channel. 
Cell lysis is defined as disrupting cells by chemical, mechanical or enzymatic means in 
order to obtain intracellular materials. The most common method used in 
biotechnology is the chemical one because the protocols are well established. Cell lysis 
by electric fields has been reported using macro electroporation systems4, and some 
prototypes of microdevices have been tried5. 
The electric field makes micro-pores on the cell membrane more permeable so that 
DNA can move into/out from cell by electroosmosis and diffusion6, but the 
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micro-pores are resealable shortly after the lysis in a moment. If the electric field is 
high enough, it will cause the irreversible mechanical breakdown of the cell membrane 
and will sometimes lyse cells. 
The bilayer structure of a cell membrane is a dielectric. When a cell is exposed to an 
external electric field, a transmembrane potential, Δϕ, is induced. For a spherical cell 
of radius, a, the transmembrane potential can be expressed as6
Δ θϕ cos5.1 E=                                                     (5.1) 
where E is the applied electric field strength and the angle, θ, is the angle between the 
field line and the normal to the point of interest in the membrane. The mechanism of 
electroporation is not fully understood. The most widely accepted model for 
electroporation is based on the electromechanical compression of the cell membrane7. 
The attraction of opposite charges induced on the inner and outer membrane generates 
compressive pressure, which makes the membrane thinner. If the electric field strength 
exceeds a critical value, the cell membrane becomes permeable to the medium. This 
critical value corresponds to a transmembrane potential of approximately 1 V7. Lysis 
of bacteria, plant and animal cells by electroporation has been reported to occur at a 
transmembrane potential of ∼1V8. 
Dielectrophoresis is the translational motion of nertral particle caused by polarization 
effects in a non-uniform electric field9. The phenomenon arises from the difference in 
the magnitude of the force experienced by the electrical charges within a dipole, 
induced when a non-uniform electric field is applied. This occurs because under the 
influence of the non-uniform electric field it acquires a polarization that has the effect 
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of putting a negative charge on the side nearer to the positive electrode and a positive 
charge on the side nearer the negative electrode. The two charges on the particle in fact 
are equal, but the fields operating on the two regions are unequal, which gives rise to a 
net force. The result of asymmetrically distributed force upon the particle enables it to 
migrate toward the region of strongest field intensity. 
The dielectrophoretic force is given by the particle radius R, the electric field E, and 













εεεπ                                      (5.2) 
Dielectrophoresis of many cells and dielectric particles has been reported10,11. 
In this chapter we applied the concept of dielectrophoresis and electroporation5 to the 
extraction of DNA from human blood. The results are shown for WBC and MN9D 
mouse brain cells. Compared to chemical lysis, electroporation simplifies the 
microstructure by avoiding multiple reagents and the necessity for valves to control 
these reagents12. Dielectrophoretic separation can be performed without the risk of 
blockage that can occur using mechanical filters13. Moreover the cell lysis in a 
microfabricated device can reduce the voltage required for cell lysis because the 
electrode gap can have small values. 
5.2 Experimental 
5.2.1 DEP microchip 
An etched silicon wafer was bonded to a patterned electrodes glass to form the closed 
chamber as shown in Fig. 5.1. The fluidic chamber is 4500μm wide, 6000μm long and 
75μm deep resulting in a volume of ∼2μl. Three rows of dams were fabricated after the 
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inlet (Fig. 1.a) to help evenly distribute fluid. Three geometrical types of electrodes 
have been fabricated and tested: castellated interdigitated, strips and V-shaped 
electrode. The interdigitated electrodes were used for electroporation. Large electric 
field strengths cause localized heating which in turn causes discontinuities in 
conductivity, permittivity and viscosity of the medium, leading to convective currents 
moving around the electrodes, effect which can disrupt the experiments. In order to 
reduce these effects as much as possible the size of the electrodes structure must be 
minimized to maintain a low ratio of volume to surface area, and the field strength was 
kept low enough to prevent electrode damage (electrolysis). The electrode arrays have 
dimensions of around 4000×5000μm2 with two connection pads to the external power 
supply (Fig. 5.1a).  
The chip was initially mounted on a Printed Circuit Board (PCB) and wire-bonded to 
the PCB with gold wires. The electric field was generated by applying a sinusoidal 
voltage with a frequency in the range of 1 kHz – 15 MHz and an amplitude up to 10 
Volts peak-to-peak across the electrode array, using an HP 33120A waveform generator.  
The frequency and amplitude of the applied voltage were monitored on the chip with 
an oscilloscope. 
The microchip holder for sample injection and buffer delivery is similar to that used in 
Chapter 3. (Fig. 3.1d). A photograph of the assembled chip and chip holder was shown 
in Fig. 5c. The apparatus consisted of a custom-built microfluidic connector block, 
syringe pump (Yale YA-12), silicone tubing, a haemotocytometer (NEUBAUER, 
Germany) and a microscope with CCD camera. The setup permitted real-time tracking 
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of the particles and numerical quantification of its performance. 
Fig. 5.1  a) Microphotograph of the device with enlarged view of the electrode array 
(top view); b) Schematic diagram of the fluidic connection apparatus; (c) Photograph 









5.2.2 Cells and beads suspensions 
The different types of cells and beads used in the experiments are: 
A. WBC: WBCs where extracted from the fresh blood by lysing Red Blood Cells 
(RBCs). For every 500 μl of blood, 1ml of RBC lysis buffer (1.6M sucrose, 5% 
Triton X-100, 25mM MgCl2, 60 mM Tris-HCl pH 7.5) was added. The blood 
samples with the RBC buffer were left in ice for 10 minutes with occasional 
shaking. The sample was centrifuged at 3000 rpm for 5 min and then 
suspended in the phosphate buffered saline (PBS) before introducing it into the 
microfluidic chamber.  
B. MN9D: Cells were grown in a Dulbecco’s Modification of Eagles Medium 
(DMEM) media with 10% fetal bovine serum, streptomycin (100 μg/ml), and 
penicillin (100 U/ml) and maintained at 37 ºC in a humidified atmosphere of 
5% CO2. When the cells reached about 90% confluence, they were trypsinized 
and then neutralized with DMEM media to stop trypsin activity. The cells were 
pelleted by centrifugation at 1000g at 4ºC. The cells were then washed twice 
with PBS and finally resuspended in an appropriate volume of PBS. 
C. Yeast cells: S. cerevisae (yeast ATTC 18824) was cultured in YPD broth 
(Becton Dickinson microbiology system, USA) at 30 ℃ for 36 h. The yeast 
cells were separated and washed four times by centrifugation (4000 rpm, 10 
min) from the growth medium, and then suspended in an appropriate volume of 
PBS.  
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D. Beads: Silica micro-beads (Bangs Laboratory Inc.) with diameters of 2.4, 5, 
and 7 μm were obtained as a stock suspension in deionized (DI) water at 
concentrations of 7.3 × 109, 8.1 × 108, and 5.11 × 107 beads/ml, respectively. 
The concentrated beads suspensions were diluted with different volumes of DI 
water to make suspensions of different concentrations. The conductivities of 
these suspensions were adjusted by addition of microlitre volumes of KCl.   
For cell lysis and DEP experiments, the WBCs and silica beads were suspended in 
PBS, and the conductivity was adjusted to produce negative/positive DEP for 
beads/cells.              
 
5.3 Results and Discussion 
5.3.1 Human WBC and MN9D cells lysis 
The pre-treated cells were continuously pumped into the chip to investigate continous 
cell lysing. Cell counting was performed at the inlet (before introdcing the sample into 
the chamber) and at the outlet (after applying electric field) using the 
haematocytometer. Cell lysis was visually confirmed with an optical microscope. The 
results of MN9D cell lysis for different applied frequencies are shown in Fig. 5.2. The 
highest cell lysing rate was observed at 3MHz with an estimated electric field strength 
of 1×105 volts/m. Negative control experiments were performed without electric field 
to ensure that the measured lysis could be attributed to electroporation. The lysing rate 
of WBC observed to increase with increasing of applied voltage as shown in Fig. 5.3. 
The results showed that highest lysing rate at 10 V, but excessive voltage can cause  
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Figure 5.2 Lysing rate vs. frequency for MN9d cells at flow rate of 30μl/min 
 




















Figure 5.3 Lysing rate vs. applied voltage for WBC 
 





















bubbles and electrolysis by heating effect. Fig. 5.4 shows some tracking pictures of 
WBC before and after applying voltage. 
 
5.3.1 Bead and Cell Trapping by Dielectrophoresis 
A series of experiment were made to examine the effect of frequency, applied voltage 
and flow rate on the particles trapping in the device. The conditions where positive or 
negative dielectrophoresis occur have been also examined. Fig. 5.5 shows trapping 
patterns of silica beads (5μm diameter) achieved under the influence of an AC electric 
field in the range of 100kHz to 15MHz. Trapping of beads observed to occur in static 
mode and in continuous flow mode with flow rate of 25μl/min. In figs. 5.5a to d the 
beads were less polarized than the suspending medium and exhibited negative 
dielectrophoresis. In this situation the beads were repelled from the electrodes and 
were collected in the weak-field zones at the electrodes bays. Positive 
dielectrophoresis occurred when the beads were more polarized than the medium as 
shown in Fig. 5.5e and f. In this case the beads were migrated toward the regions of 
strong electric field at the electrodes. These observations are in agreement with 
equation 5.2. The beads formed trapping pattern within 1-2 seconds after the field was 
applied and they dispersed into the medium when the electric was removed. At 
frequencies below 1 MHz all beads move to regions of maximum electric field 
gradient at the tips of the electrodes, while at frequencies higher than 3 MHz beads are 
collected at the low field gradient regions in the electrode bays. These observations 
indicated that: for particles of a certain size exposed to a constant field gradient the  
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Figure 5.4 Micro photographs WBC lysing (a) before appling electric field (b) cell 
trapped on the electrode tip by dielectrophoresis after applying electric field (c) WBC 










Figure 5.5 Micro photographs of dielectrophoretic trapping of silica beads (5μm). 
Scale bar = 10µm 
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induced dipole moment, and thus the electric magnitude and sign of dielectrophoretic 
force, depends on the difference between the polarizability of the particle and that of 
the medium. 













Re , which is dominated by conductivity effects 
for beads14. The conductivity of a colloidal particle consists of two components a bulk 




2+=σσ , where σb is the bulk conductivity of 
the particle of radius a. The surface conductivity, Ks, arises from the movement of ions 
in the electrical double layer and is directly proportional to the surface charge density. 
Thus, for bead the sign and magnitude of the dielectrophoretic force is governed by the 
surface conductivity effects. For a mixture of beads with different surface conductivity, 
one can predict that beads will be separated to different sub-populations according to 
their surface conductivity. This also can be applicable for colloidal solution of 
biomolecules such as blood, for which the red and white blood cells can be separated 
by the dielectrophoretic force. 
Fig. 5.6 further demonstrates the positive trapping of MN9D, yeast cell and WBCs, 
with the applied frequency and peak-to-peak voltage in the range 3-15 MHz and 5-10 
V, respectively. 
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Figure 5.6: Positive DEP trapping of a) MN9D cells, b) Yeast, and c) WBC cells 
respectively. Applied frequencies and peak-to-peak voltages are in the range 3-15 MHz and 








The bead/cell trapping and cell lysis components of a DNA microfluidic extraction 
system have been designed, fabricated and tested. The results demonstrate that WBC 
lysis by electroporation is possible in a continuous flow system. The same lysis 
electrode pattern has been used for trapping of silica beads known to bind selectively 
to DNA. In general, the methodology and the preliminary results obtained from this 
work demonstrate the feasibility of actual implementation of a microfluidic system of 
DNA isolation. 
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Chapter 6 
Spatial Temperature Gradient 
Capillary Electrophoresis and its 




In the nucleic acid-based detection schemes, the last and most important step after cell 
lysis and PCR is DNA analysis. The capability of detecting single base pair difference 
between two DNA fragments is of great importance in the differentiation of cells of 
different species, detecting cancer cells etc.  
Capillary electrophoresis (CE) is widely applied in analytical chemistry, especially in 
the study of biomolecules. Capillary temperature plays an important role in the 
electrophoresis process. Temperature effects are very complicated and may vary from 
different analytes and buffer systems1. Temperature variations affect reproducibility of 
migration time, separation efficiency and selectivity. Temperature is usually kept 
constant in CE experiments. In order to dissipate Joule heat generated by the high 
voltage, three temperature control modes based on heat exchange with gas2, liquid3 or 
solid4 have been utilized. Forced air circulation is the simplest type of gas cooling and 
is employed by many CE instruments. Solid conduction is efficient for heat dissipation, 
e.g., by using Peltier devices. A liquid heat exchanger typically includes a jacket for 
the capillary and a coolant circulator. All three heat exchange mechanisms can be 
utilized to establish a temperature gradient. There are two types of temperature 
gradient: spatial gradient and temporal gradient. In the former case, temperature varies 
at different locations along the path of separation, but does not change with time. In the 
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latter case, the temperature of the column changes with time during the electrophoresis 
process but is uniform along the path of separation. 
One of the early applications of temperature gradient in CE was to establish a pH 
gradient5. By using a buffer system with a large temperature coefficient for pka, e.g. 
Tris buffer, the pH within the capillary can be adjusted in situ by controlling the 
temperature of the capillary. The implementation of temperature gradient in both 
temporal and spatial modes in capillary zone electrophoresis (CZE) was illustrated by 
the separation of a mixture of fluorescent organic acids. To establish a spatial gradient, 
only the half of the water jacket close to the injection end of the capillary was wrapped 
with heating tape while the other half was left unheated. Water flow balances the 
cooling rate to establish a gradient. Compared to the temporal mode, the separation 
was further improved and the baseline was more stable in the spatial mode. A temporal 
temperature gradient was also applied in capillary affinity gel electrophoresis (CAGE) 
for the separation of oligodeoxynucleotides6. Poly(9-vinylacenine) was utilized as an 
affinity ligand. The migration behaviour of oligothymidylic acid, which interacts with 
the ligand, is manipulated by varying the capillary temperature. This in turn leads to 
changes in the dissociation process of specific hydrogen bonding between 
oligothymidylic acids and the ligand. It was found that temperature gradient was 
effective for improving the speed and the efficiency of CAGE, and for achieving 
sensitive and high-resolution separations of oligodeoxynucleotides. The concept of 
temperature gradient has also been used in gel electrophoresis in the analysis of DNA7. 
For the detection of DNA single-nucleotide poly-morphism (SNP) via heteroduplex 
analysis, several groups have reported the use of heating through solid contact8, liquid 
contact9 or a voltage control10. In the last example, a temperature sweep was generated 
internally via Joule heat produced by a voltage ramp over time. Based on the 
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difference between the melting temperatures of DNA strands, mutations can be 
recognized by comparing the electrophoretic patterns of the heteroduplex with that of a 
homoduplex reference without prior knowledge of the exact type of mutation present8. 
Spatial temperature gradient capillary electrophoresis (STGCE) has not been widely 
used, mostly due to the difficulties in establishing such a gradient in CE. In principle, 
two or more jackets can be placed side by side along the capillary11. However, such a 
structure can only provide a stepwise temperature gradient because the hardware 
becomes more complicated when more jackets are needed to establish finer 
temperature steps. 
In this chapter, we introduce a simple liquid heat-exchange device, which can easily 
implement a continuous spatial temperature gradient in CE. In this system, it is also 
convenient to switch between the spatial mode and temporal mode or maintain a 
constant temperature during electrophoresis. The spatial temperature gradient range 
was designed to be broad, so that one can simultaneously detect many DNA point 
mutations. As a demonstration, three different point mutation samples were analyzed 
during one run. 
 
6.2 Experimental 
6.2.1 Chemical Reagents 
In section four, the running buffer is 100mM sodium dihydrogen phosphate, adjusted 
to pH 2.5 by phosphoric acid. Dimethindene and chlorphenamine were dissolved in 
buffer at a concentration of 0.1mg/ml.  
In section five, the sieving matrix was made by dissolving 7% (w/v) of 
polyoxyethylene 8 cetyl ether (C16E8) in a buffer containing 3M urea, 2mM 
ethylenodiaminetetraacetic acid (EDTA), 35 mM 2-[N-Morpholino]ethanessulfonic 
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acid (MES) and 35 mM tris(hydroxymethyl) aminomethane (tris). All the chemicals 
are from Sigma(St. Louis, MO, USA). The mixture was shaken for 2 min and left 
standing for 1 h to remove bubbles. SYBR Gold nucleic acid stain was obtained from 
Molecular Probe (Eugene, OR, USA). 
6.2.2 DNA samples 
The point mutation samples and their references were kindly provided by Dr. Peter 
Oefner and Dr. Peidong Shen (Standford University). The heteroduplexes were formed 
by mixing, denaturing, and then reannealing the reference sample and mutant sample 
at a ratio of about 1:1. The symbols, characteristics and the primer sequences of the 
samples can be found in table 6.1. Briefly, the lengths (base pair) of M2, M60 and M69 
is 209, 288 and 256 respectively and the calculated melting temperature at mutation 
site are about 67 oC, 69 oC and 64 oC, respectively. The mutation type of M60 is A to G 
substitution at position 169. The mutation type ofM60 is T insertion at position 243. 
The mutation type of M69 is T to C substitution at position 221. The primer sequences 
for amplifying these samples are given in Table 6.1 of reference 8. 
 
6.2.3 Experimental Setup 
Since the capillary temperature is determined by the temperature of fluid flowing 
through the jacket in the liquid heat exchange mode, a spatial temperature gradient of 
the capillary can be established by a spatial temperature gradient of the fluid, which 
can be implemented by the device shown in Fig. 6.1.  A TYGON® R3603 tube (8mm 
ID × 10 mm OD; Norton Performance Plastics Co., Akron, OH, USA) and a stainless 
steel tube (2mm ID × 3mm OD, Upchruch Scientific, Oak Harbor, WA, USA) were 
used as outer jacket and inner jacket, respectively. Two thermocouples were placed at 
the input end and output end of inner jacket to monitor the temperature. 
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A laboratory-assembled CE system laser-induced fluorescence (LIF) detection fitted 
with the above-mentioned temperature control device was used. The lengths of the 
inner jacket and the outer jacket were 64 cm and 56 cm, respectively. The inner jacket 
was connected to an Isotemp heating circulator (Model 2006S) and the outer jacket 
was connected to an Isotemp refrigerated circulator (Model 1006S; Fisher Scientific, 
Houston, TX, USA). The flow rates are approximately 3 mL/s. The total length of the 
capillary was 110cm and the effective length was 90 cm, with 375 µm OD and 75 µm 
ID (Polymicro Technologies, Phoenix, AZ, USA). The design of the CE instrument 
was similar to that reported in reference 5. Briefly, a 514-nm Ar+ laser was used for 
excitation. A photomultiplier tuber with a 590 nm longpass filter was used for 
collecting the fluorescence. The sampling rate was 2Hz. 
 
6.2.4 Experimental Procedure 
Counter flow was applied to establish spatial temperature gradient and deionized water 
was used as fluid. For the DNA analysis, capillary was filled with matrix without any 
pretreatment. After each run, fresh matrix was used to simply flush out the old one to 
maintain the separation efficiency in subsequent run. During idle periods, the capillary 
was stored in deionized water. A field strength of 15V/cm was applied during 
electrophoresis.  













M2 209 A to G 169 For = AGGCACTGGTCAGAATGAAG 
Rev = AATGGAAAATACAGCTCCCC 
M60 388 T insertion 243 For = GCACTGGCGTTCATCATCT 
Rev = ATGTTCATTATGGTTCAGGAGG 
M69 256 T to C 221 For = GGTTATCATAGCCCACTATACTTTG 


























6.3 The Multifunctional Temperature Control Device 
The structure of the two-channel temperature control device (Fig.6.1) is commonly 
employed in chemical engineering for the purpose of heat exchange. If there are two 
fluids with different temperature flowing through the inner jacket and outer jacket, 
respectively, there will be heat exchange between fluids in each jacket. Thus, we can 
obtain a spatial temperature gradient. If there is only fluid circulating in the inner 
jacket, by applying a circulator with a programmable temperature controller, a 
temporal temperature gradient could be established. It is also easy to keep constant 
temperature during electrophoresis by using the same device.  
 
6.3.1 Continuous Spatial Temperature Distribution 
The relationship between the inlet and outlet temperature of inner jacket and outer 
jacket, respectively, is described by the energy balance equation12: 
mminoutpoutinp TUATTmcTTmcQ Δ=−=−= )()()()( ,2,22,1,11                                        (6.1) 
where Q is the heat transferred between the two fluids, m is the mass flow rate of the 
fluid and cp is the specific heat of the fluid. The subscript 1 and 2 represents the fluid 
in the inner jacket and the outer jacket, respectively. U is the average overall heat 
transfer coefficient. Am is the average heat transfer area, which is a function of the 
inner surface area (A1) and outer surface area (A2) of the inner jacket tube. ΔTm is a 
function of T1,in, T1,out, T2,in and T2,out. For counter flow, the temperature distribution 










dT −−=                                                                                                  (6.3) 
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thus we can get 
( )
BAeT L
xNN += − 211                                                                                                    (6.7) 
with boundary conditions: x=0, T1=T1,in and x=L, T1=T1,out. Usually the two fluids are 
the same liquid and have almost the same mass flow rate. If the wall of the inner jacket 
tube is thin enough, , thus mAAA ≈≈ 21 21 NN ≈ , the temperature distribution could 
be nearly linear, as shown in Fig. 6.2(a). 
In order to provide a large temperature gradient range, a thin wall tube with enough 
length made from a material with large thermal conductivity should be selected as the 
inner jacket. For a given device, there are several ways to increase the temperature 
range. One is to increase the temperature difference between the fluids flowing into the 
inner jacket and the outer jacket. The other is to increase the mass flow rate of the fluid 
in the outer jacket and decrease that of the fluid in the inner jacket. A third approach is  
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Figure 6.2 Temperature distribution of the two fluids flowing through the inner and 
outer jacket.  T1,in and T2,in are the temperature of fluid in the input end of the inner 
jacket and the outer jacket, respectively. T1,out and T2,out are the temperature of fluid in 
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to have a fluid with small specific heat in the inner jacket and one with a large specific 
heat in the outer jacket. It is very important to maintain a constant mass flow rate of 
the two fluids in order to have a reproducible gradient. Filtrated fluid is recommended 
to prevent blocking of flow by impurities in the fluid. 
 
6.4 Detection of DNA point mutations 
ds-DNA is partially melted near its melting temperature, with the AT regions melting 
before the GC regions. The partially melted form exists in rapid equilibrium with the 
unmelted form13. Since homoduplex and heteroduplex have small but finite differences 
in melting temperature, the degree of melting are different near their melting 
temperature. This causes different degrees of retardation in a sieving matrix during 
electrophoresis. In STGCE, the effective capillary length for separating homoduplex 
and heteroduplex is limited to the region where the temperature could partially melt 
them. Although STGCE may not have as good resolution as that of constant denaturant 
capillary electrophoresis (CDCE)14, which applied a constant melting temperature for 
the whole column, it is much easier to span a generalized temperature range to cover 
all mutations than to select one temperature to fit a known mutation. Also, perfect 
separation of different strands is not necessary to recognize the presence of mutation. 
Therefore, instead of trying to optimize the resolution for a certain mutation type, one 
can develop a STGCE system that is suitable for high-speed high-throughput detection 
of many mutation types without prior knowledge of their maps. 
Aqueous solutions of monomeric nonionic surfactants, n-alkyl polyoxyethylene ethers 
(C16E16, C16E8, C14E6) have been shown to be effective sieving matrix for the 
separation of DNA fragments by CE15. Unlike other sieving matrixes, these are not 
polymerized but self-assemble into dynamic long chains. They provide many 
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advantages over ordinary polymers, such as ease of preparation, solution homogeneity, 
stable structure, low viscosity and self-coating property for reducing electroosmotic 
flow. In this work, a very dilute 7% C16E8 solution was used as sieving matrix for 
mutation detection (Fig. 6.3). The capillary length for implementing the temperature 
gradient was 56cm to ensure sufficient separation length for each mutation type. 
Deionized water was used as fluid circulating in both jackets at almost the same mass 
flow rate so that a nearly linear temperature distribution can be expected. That is 
important because if a large temperature change occurs within a short capillary length, 
there will not be adequate effective separation length for the mutation type that melts 
within that temperature range. Addition of 3M urea in the buffer increases the cloud 
point of the surfactant, above which micelles could not be formed16. This also has the 
effect of decreasing the melting temperature of DNA. Therefore, the melting 
temperatures of M2, M60, M69 were lowered compared to those in the absence of urea8, 
falling into the lower temperature zone of the applied temperature range (from 60oC to 
70oC). Fig. 6.3 shows that each mutation type is separated from one another in one run 
to achieve multiplexed SNP analysis, even though the lengths of these fragments are 
not vastly different. The elution order is according to the fragment size.  
We have also tried a 5% Poly(vinylpyrrolindone) (PVP) matrix dissolved in 1×TBE 
(Ties-borate-EDTA) buffer, without addition of urea. That combination gave similar 
results by imposing a gradient from 59oC to 69oC ( data not shown). This time the 
melting temperatures of M2, M60, M69 fall into the higher temperature zone of the 






























Figure 6.3. Electropherogram of three sets of homoduplex and heteroduplex samples.  Conditions: temperature range from 




We introduced a simple temperature control structure which can be used conveniently 
to establish a continuous linear spatial temperature gradient in CE. Factors influencing 
the temperature distribution have been identified. An STGCE system with a large 
temperature gradient range was developed for mutation detection. The use of a 7% 
monomeric nonionic surfactant C16E8 as sieving medium gave good separation 
performance for the three mutation types during one run. All mutation types with 
melting temperature within the applied temperature range were readily recognized. The 
capillaries can be used repeatedly and capillary regeneration was easy to implement 
because of the low viscosity of the gel at room temperature. The system can be scaled 
up to 96 or even 384 capillaries for high-throughput applications17,18. 
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Chapter 7 
Conclusions and future works 
 
This thesis developed immunological-based and nucleic acid based methods in so 
called Laboratory-on-a-chip (LOC) devices for the detection of pathogenic 
microorganisms. As shown in the chapters, the immunological-based methods are 
quite straightforward and fast. The simple protocols make these methods robust and 
relatively easier for commercialization. However, there are still some problems to be 
solved: i) sample preparation. A sample preparation step is indispensable for the 
concentration of original big sample volume to a LOC detectable volume and 
purification from complex sample matrix to reduce channel clogging and minimize 
detection interference, especially for those mechanical trapping methods employed in 
the thesis. ii) fabrication of structures in nanometer size. While most of the bacteria 
are around 1 µm in size, gaps of less than 1µm in filter chips are essential for trapping 
those bacteria cells. Fabrication of these gaps presents a big challenge using current 
semiconductor technology. iii) interface between the micro world and macro world. 
Current design of chip holders has to be improved to reduce sample loss during 
injection and facilitate automation. iv) integration of detection system. Fluorescent 
microscope was used in all the immunological-based experiments. The optical 
detection system has to be simplified, microfabricated and integrated into a portable 
system. 
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While the immunological-based detection methods often suffer from their poor 
specificity due to the cross reactivity of the antibodies, the nucleic acid-based 
detection methods are quite sensitive and specific. However, these methods usually 
involve multi-steps like cell lysis, µPCR and DNA detection. The process is 
complicated and time consuming, usually requires skilled person to operate. Various 
LOC devices have to be developed, fabricated and integrated to accomplish various 
functions. They are usually not suitable for on-site detections. 
We have thus focused our efforts on the commercialization of those immunological 
based methods. Ongoing work involves microfabrication, packaging and integration, 
as indicated in the first paragraph. The ultimate goal is to develop fully integrated and 
portable devices that are suitable for on-site detection of pathogenic microorganisms 
including those bacteria that are around 1µm in size. 
 
 118
List of Pulications: 
 
Journal Papers 
1. Preliminary Study of the Analysis of Oligogalacturonic Acids by Electrospray 
Ionisation Mass Spectrometry, Rapid Communications in Mass Spectrometry 
(2001) 15, 975-978, Zhu, L. & Lee, H.K. 
 
2. Liquid-Liquid-Liquid Microextraction of Nitrophenols with a Hollow Fiber 
Membrane Prior to Capillary Liquid Chromatography, Journal of 
Chromatography A (2001) 924, 407-414, Zhu, L., Zhu, L. & Lee, H.K. 
 
3. Spatial Temperature Gradient Capillary Electrophoresis for DNA Mutation 
Detection, Electrophoresis (2001) 22, 3683-3687, Zhu, L., Lee, H.K., Lin, B.& 
Yeung, E.S. 
 
4. Quantum Dots as a Novel Immunofluorescent Detection System for 
Cryptosporidium parvum and Giardia lamblia, Applied and Environmental 
Microbiology, (2004), 70, 597-598, Zhu, L., Ang, S., Liu, W.-T. 
 
5. Filter-based Microfluidic Device as a Platform for Immunofluorescent Assay of 
Microbial Cells, Lab on a chip, (2004), 4, 337-341, Zhu, L., Zhang, Q., Feng, 
H. H., Ang, S., Chau, F. S., Liu, W.-T. 
 
Conference Presentations 
1. Spatial Temperature Gradient in Capillary Electrophoresis, Zhu, L., Lee, H.K., 
Lin, B. & Yeung, E.S. 
  
2. Analysis of Oligogalacturonic Acids by Online Liquid Chromatography Mass 
Spectrometry, Zhu, L. & Lee, H.K. 
 
3. Liquid-liquid-liquid Microextraction of Nitrophenols with Hollow Fiber Prior 
to Capillary High Performance Liquid Chromatography, Zhu, L., Zhu, L. & 
Lee, H.K. 
14th International Symposium on Microscale Separation and Analysis - 
Includes Symposia on Genomics and Proteomics, January 13-18, 2001, Boston, 
MA, USA 
 
4. Fast Nucleic Acid Extraction on a Microchip Device, Lesaicherre., M., Tan,  
L.P., Rufaihah Abd Jalil, Chen, Y.-J.G., Zhu, L., Heng, C.K., Tan, L.P., Yan, T., 
Chen Y., Lim, T.M.,  Ramadan, Q., Puiu Poenar, D., Samper, V., Lee, H.K. & 
Yao, S.Q., BioMed Asia, September 17-20, 2001, Singapore 
 119
5. Microfluidic DNA Sample Preparation by Dielectrophoresis and 
Electroporation. Ramadan, Q., Zhu, L., Samper, V., Puiu Poenar, D., Lim, 
T.M., Heng, C.K., Chen Y., EUROSENSORS XVI  September 15-18, 2002, 
Prague, Czech Republic 
 
6. Quantum Dots as a Novel Immunofluorescent Detection System for 
Cryptosporidium parvum and Giardia lamblia, Singapore International 
Chemical Conference 3, Zhu, L., Ang, S., Liu, W.-T., December 15-17, 2003, 
Singapore 
 
7. Microbial Detection in Microfluidic Devices through Nanocrystal-Labeled 
Immunoassay and RNA Hybridization, 1st Nano-Engineering and 
Nano-Science Congress, Zhang, Q., Zhu, L., Feng, H. H., Ang, S., Chau, F. S., 
Liu, W.-T., July 7-9, 2004, Singapore (oral presentation) 
 
8. Potential of Nano- and Micro- Fabricated Technologies in the Detection of 
Biological Threats, 1st Nano-Engineering and Nano-Science Congress, Liu, 
W.-T., Zhu, L., Li, S. Y. E., Ang, S., Tay, A. A. O., July 7-9, 2004, Singapore 
(oral presentation, presenter) 
 
9. Potential of Lab-On-A-Chip Technology for the Study of Environmental 
Microbiology, Liu, W.-T., Zhu, L., Zhang, Q., Feng, H. H., Chau, F. S., Ang, 
S., (invited speaker) 
 
10. Lab-On-A-Chip System as a Platform for Immunofluorescent Assay of 
Microbial Cells, Zhu, L., Zhang, Q., Feng, H. H., Chau, F. S., Ang, S., Liu, 
W.-T. 
10th International Symposium on Microbial Ecology (ISME-10), August 22-27, 
2004, Cancun, Mexico (selected to orally present at round table session) 
 
Invention Disclosure 
1.  Use of Microfluidic Device to Filter, Concentrate and Immunofluorescently 
Detect Microbial Cells, Liu, W.-T., Ang. S., Zhu, L., (Oct, 2003)  
 
 
 
 120
